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ABSTRACT
Nuclear power plants usually provide base–load electric power and operate most
economically at a constant power level. In an energy grid with a high fraction of renewable
energy sources, future nuclear reactors may be subject to significantly variable power
demands. These variable power demands can negatively impact the effective capacity factor
of the reactor and result in severe economic penalties. Coupling the reactor to a large
Thermal Energy Storage (TES) block will allow the reactor to better respond to variable
power demands. In the system described in this thesis, a Prismatic–core Advanced High
Temperature Reactor (PAHTR) operates at constant power with heat provided to a TES
block that supplies power as needed to a secondary energy conversion system. The PAHTR
is designed to have a power rating of 300 MWth, with 19.75 wt% enriched Tri–Structural–
Isotropic UO2 fuel and a five year operating cycle. The passive molten salt TES system will
operate in the latent heat region with an energy storage capacity of 150 MWd. Multiple
smaller TES blocks are used instead of one large block to enhance the efficiency and
maintenance complexity of the system. A transient model of the coupled reactor/TES system
is developed to study the behavior of the system in response to varying load demands. The
model uses six–delayed group point kinetics and decay heat models coupled to thermal–
hydraulic and heat transfer models of the reactor and TES system. Based on the transient
results, the preferred TES design consists of 1000 blocks, each containing 11000 LiCl phase
change material tubes. A safety assessment of major reactor events demonstrates the
inherent safety of the coupled system. The loss of forced circulation study determined
the minimum required air convection heat removal rate from the reactor core and the
lowest possible reduced primary flow rate that can maintain the reactor in a safe condition.
The loss of ultimate heat sink study demonstrated the ability of the TES to absorb the
decay heat of the reactor fuel while cooling the PAHTR after an emergency shutdown.
iii
The simulated reactivity insertion accident assessment determined the maximum allowable
reactivity insertion to the PAHTR as a function of shutdown response times.
iv
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Nuclear power plants operate most efficiently at a constant power level and usually
provide base load power to the electric grid (Denholm et al., 2012; Sato et al., 2012).
However, the electric power demand profile always varies over day and night operating
cycles. As a result, load–following is an important factor in power plant operation, especially
when an electric grid includes a significant amount of renewable energy sources (Denholm
et al., 2012). In an electric grid containing a large fraction of variable generation rate power
sources, the load demands on base load energy sources such as nuclear power plants will be
highly variable (Denholm et al., 2012). This will place significant stress on future nuclear
power plants, as these systems are generally designed to operate at a constant power level.
Additionally, variable power demands may result in a significant amount of curtailment,
which is particularly disadvantageous to the economics of high capital cost power sources
such as nuclear (Denholm et al., 2012).
Coupling a nuclear reactor to large–scale thermal energy storage can significantly improve
the viability of the nuclear power plant in an electricity grid containing a significant fraction
of renewable energy sources (Denholm et al., 2012). In this scheme, the nuclear reactor will
operate at a constant power level, supplying heat to the thermal energy storage (TES) block.
The TES block will provide heat as needed to an electric generation subsystem, which can
be designed to rapidly respond to changes in electric power demand (Denholm et al., 2012).
Thus, the nuclear reactor is allowed to operate at an optimal constant power level, buffered
from changing demands by the TES block.
The idea of coupling the nuclear reactor to a thermal energy storage block poses some
unique challenges from the point of view of design and safety. It is important to study
the coupling of a thermal storage block to the primary cooling system of the reactor and
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how this will affect the temperature transients and reactor kinetics (Denholm et al., 2012).
Furthermore, the compatibility of the thermal storage materials with the nuclear reactor
cooling system is an important issue. Safety is an important factor when a large thermal
block is connected to the primary coolant loop of a nuclear reactor, especially when a
molten–salt with high melting–point is considered (Denholm et al., 2012). This thesis focuses
on identifying these challenges and studying their impact on the safe operation of the reactor.
1.1. Objectives
The objectives of this thesis are to:
• design and analyze a Prismatic–core Advanced High Temperature Reactor (PAHTR)
coupled to thermal energy storage block (TES),
• develop a transient system model of the coupled PAHTR–TES system, and
• conduct a preliminary safety and accident scenario assessment of the coupled system.
A Prismatic–core Advanced High Temperature Reactor (PAHTR) that uses TRISO
particle fuel is designed to have a five year operating cycle with FLiBe molten salt as its
primary coolant. The PAHTR is coupled with a lithium chloride–based passive thermal
energy storage (TES) block that operates in the latent heat region with the capability to
store 150 MWd of thermal energy. Analyses using the Monte Carlo N-Particle version 5
(MCNP5) transport code (X-5 Monte Carlo Team, 2008) and the SERPENT Monte Carlo
code version 1.1.19 (Leppänen, 2013) determine the neutronics parameters of the PAHTR
and a SolidWorks Flow Simulation model determines the thermal–hydraulics parameters of
the PAHTR.
A transient simulation of the coupled PAHTR–TES system demonstrates the potential
benefits of proposed system. In this simulation, the thermal power generated by the nuclear
reactor will either be stored in the latent heat TES block or passed to the electric generators
through the heat exchangers in the TES block. Kinetics, thermal–hydraulics, and decay
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heat models for the reactor along with a thermal energy storage heat transfer model are
implemented in Simulink (The MathWorks, Inc., 2014).
For a new nuclear power plant design, it is important to conduct a preliminary safety
and accident scenario assessment to study how coupling a large–scale thermal storage to a
nuclear reactor may affect the safety aspects of nuclear power plant. During an accident,
emergency systems should be able to cool the reactor down to its cold–state condition, and
coupling a large–scale thermal storage block to the reactor could have both positive and
negative impacts (Denholm et al., 2012). A risk assessment is important to demonstrate the
positive features of the coupled system.
1.2. Thesis Organization
Chapter 2 provides background information about the importance of enhancing the
load–following capabilities of nuclear power plants and discusses some previous reactor and
thermal energy storage concepts. The next three chapters consist of paper manuscripts
that are ready for submission to Progress in Nuclear Energy. Chapter 3 describes the
design and analysis of a Prismatic–core Advanced High Temperature Reactor (PAHTR)
coupled with a passive molten salt latent–heat thermal energy storage block. Chapter
4 includes a transient simulation of the coupled nuclear reactor–thermal energy storage
system constructed using Simulink. The transient model uses the reactor kinetics parameters
provided by the neutronics model in Chapter 3. Then, the transient model is used to conduct
a safety assessment of the coupled reactor–thermal energy storage system. Chapter 5 includes
a safety and accident scenario assessment that demonstrates the reactor safety effects of
coupling a large–scale thermal energy block to the nuclear reactor. Chapter 6 summarizes
the conclusions of the design, transient modeling, and safety assessment of the coupled
nuclear reactor–thermal energy storage system. Chapter 7 presents some recommendations
for future research of this project. Appendix A includes an example MCNP5 input file
used in the neutronics calculations for the proposed PAHTR. Appendix B presents an
example SERPENT input file used in the neutronics and burnup calculations for the PAHTR.
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The Simulink file for the transient model of the coupled system and the SolidWorks Flow
Simulation file of the single channel thermal–hydraulic model of the PAHTR are included as
an electronic annex to this thesis.
The next chapter presents background information from the literature about the viability
and expected consequences of coupling a nuclear reactor to a large thermal energy storage
in enhancing the load–following capabilities of nuclear power plants. Some previous reactor
and thermal energy storage concepts are also discussed.
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The main purpose of this chapter is to provide an overview of previous research on the
main topics covered in this thesis. The first part of this literature review focuses on the
load–following characteristics of nuclear power plants. Next, previous high–temperature
nuclear reactor designs that are potential reactor options for a combined nuclear reactor–
thermal energy storage system are presented. Finally, thermal energy storage mechanisms,
storing media and concepts are discussed.
2.1. Load–Following Nuclear Power Plants
There is a significant movement in today’s world toward renewable energy supplies such
as solar and wind energy sources. This movement is driven primarily by climate–change
concerns, as well as a desire to decrease environmental pollution. The main disadvantage
of renewable energy sources is their variable availability. The optimal operation conditions
for these power sources are affected by natural factors such as sunlight intensity and wind
speed (Sato et al., 2012). Nuclear power also offers significant environmental benefits, and
is generally independent of issues such as variable sunlight and wind. A combination of
renewable energy and nuclear power could help to address climate–change concerns and
provide a reliable electric grid (Sato et al., 2012).
Nuclear power plants operate most efficiently at constant full reactor power. Full reactor
power operation is advantageous from an economics point of view as nuclear power technology
is characterized by high capital and low operation costs (Bruynooghe et al., 2010; Lokhov,
2011). Also, during load–following operations, the reactor power is usually controlled by
the insertion of control rods that cause neutron flux distortions, which lead to undesirable
hot spots (Sato et al., 2012). Therefore, nuclear power plants usually operate at full power




cp specific heat (J/kg-K)
m mass of the thermal energy storage material (kg)
Greek
∆h specific enthalpy difference between the solid and liquid phases (J/kg)
∆Q energy stored in the thermal energy storage (J)
∆T temperature change (K)
however, a real demand profile always tends to vary over day and night operating hours. As
a result, load–following has become increasingly important in nuclear power plant operations,
especially when a high fraction of renewable power sources are incorporated in the electric
grid (Denholm et al., 2012).
Nuclear power plants use two major methods to implement load–following operation. The
first is regulating small changes in the electricity grid power by frequency control (Lokhov,
2011; Bruynooghe et al., 2010). This type of control can be either a primary frequency
regulation with an acceptable power fluctuation of ± 2% rated power, or a secondary
frequency regulation with an acceptable power fluctuation of ± 5% rated power (Bruynooghe
et al., 2010). This type of control lacks the capability to load–follow when the electricity
grid power demand varies more than ± 5% of the reactors rated power. The other method
of load–following is to implement predefined variable load schedules that are approved by
the grid operator. In this case, the nuclear power plant will cycle its power generation in
the range of 100% to 50% of full power (Bruynooghe et al., 2010). The later type of control
forces the plant to operate at a lower capacity factor, which is economically non–preferable
because nuclear power plants are high cost installments with low fuel costs.
To overcome these problems, Denholm et al. (2012) suggested coupling nuclear reactors to
thermal energy storage as shown in Figure 2.1. The nuclear reactor will operate at a constant
power level, supplying power to the thermal energy storage system which will provide the
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energy needed to meet the varying demand through an electric generation system. In this
system, the operating conditions of the nuclear reactor will remain unchanged throughout
the day and the secondary heat exchanger of the thermal energy storage system will respond
to variations in power demand. In this way, the reactor operations will be isolated from the
varying loads of the power grid (Denholm et al., 2012).
Denholm et al. (2012) suggested several reactor designs that have the potential to be used
in a coupled nuclear reactor thermal energy storage system (Table 2.1). Among these options,
the Advanced High Temperature Reactor (AHTR) has significant potential for coupling with
phase–change energy storage systems, as the AHTR usually uses molten salts as the primary
reactor coolant. Molten–salt coolants are compatible with most molten–salt thermal energy
storage schemes and have better heat transfer characteristics than the helium coolant used
in Very High Temperature Reactors (VHTRs).
Figure 2.1. Conceptual load–following nuclear power plant (Denholm et al., 2012).
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Table 2.1. Potential reactor options for a combined nuclear/thermal energy storage system (Denholm et al., 2012).
Light water reactors
(LWRs)


















∼1100 600 2400 1000-5000 125-3600
Outlet
temperature (◦C)
293 850-1000 705-1000 530-550 550-800
Power conversion
cycle
Rankine Brayton Brayton Rankine or
Brayton
Brayton







b(US Department of Energy, 2002)
c(Forsberg, 2005)
2.2. Previous Nuclear Reactor Designs
The following section briefly describes previous nuclear reactor design efforts that are
relevant to the reactor designed in this research project. These reactor designs include the
Very High Temperature Reactor (VHTR) and the Advanced High Temperature Reactor
(AHTR).
2.2.1. Very High Temperature Reactor
The Very High Temperature Reactor (VHTR) is one of the generation-IV reactor concepts
(Abram and Ion, 2008). The design is based on the High Temperature Reactor (HTR)
concept introduced in the 1950s (Abram and Ion, 2008). Figure 2.2 illustrates a hypothetical
VHTR. The VHTR has an upper plenum from which the coolant flows downward through
the reactor core to the lower plenum, and then to the heat exchanger outside the reactor core.
Figure 2.2. Illustration of the Very High Temperature Reactor (Abram and Ion, 2008).
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The VHTR’s fuel consists of TRI–Structural–Isotropic (TRISO) particles fuel embedded in
a graphite matrix (Moses, 2010). The core is surrounded by a graphite reflector. The TRISO
fuel form allows high temperatures (900–1000 ◦C) to be achieved in this reactor, which is
cooled by helium gas (Moses, 2010). The high operating temperatures increase the overall
efficiency of the reactor. With these high operating temperatures, the VHTR can also be
used in the production of hydrogen gas and other process heat applications (Abram and Ion,
2008). High–temperature alloys, such as iron or nickel oxide dispersion strengthened alloys,
are considered as construction materials in these reactors, to withstand the possibility of
creep rupture (Chapin et al., 2004). The next sections describe TRISO fuels in detail, and
focus on two VHTR designs: the prismatic VHTR and the pebble bed VHTR.
2.2.1.1. TRI–Structural–Isotropic Fuel
TRI–Structural–Isotropic (TRISO) fuels provide the basis for the high–temperature
operation of the VHTR (Moses, 2010). A TRISO fuel particle consists of a uranium dioxide
or uranium carboxide fuel kernel surrounded by four coating layers that act as the primary
containment to prevent any possible release of fission products (Figure 2.3) (Hu and Uddin,
Figure 2.3. TRISO fuel particle.
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2010; Moses, 2010). The fuel kernel is surrounded by a porous carbon buffer that prevents
fission gas release and accommodates the volumetric expansion of the fuel kernel (Somiya,
2013). The buffer layer is surrounded by an inner pyrolytic carbon (IPyC) layer which
is coated by a silicon carbide (SiC) shell. The IPyC layer protects the SiC layer against
any chemical reactions with the fission gases and against any mechanical pressure from the
swelling of the fuel kernel (Chapin et al., 2004; Somiya, 2013). The SiC layer provides
mechanical strength to the fuel particle and maintains the fuel particle integrity (Hu and
Uddin, 2010; Somiya, 2013). Finally, the outer pyrolytic carbon (OPyC) layer forms the
exterior surface of the TRISO particle and protects the fuel particle during post-production
processing (Chapin et al., 2004; Somiya, 2013). Table 2.2 presents typical dimensions and
densities of TRISO particle layers (Petti et al., 2002).
Several previous projects have demonstrated the ability of TRISO fuels to operate at
high temperatures and to achieve high burn–ups. The modular pebble bed VHTR with 10%
enriched uranium fuel can reach a burn–up of 130 gigawatt–days per metric ton of heavy
metal (GWd/tHM) with a power density of 30 MW/m3 (Fratoni, 2008). The Advanced
Gas–cooled Reactor (AGR–1) fuel was irradiated for 3 years to a burn–up of 19% Fissions
per Initial Metal Atom (FIMA) (corresponding to 173 GWd/tHM) with no failures within the
fuel particles (Phillips et al., 2012). The deep burn High Temperature Reactor (DB–HTR)
fuel reached a burn–up of 39.52% FIMA (corresponding to 415 GWd/tHM) after 1395
effective full power days (EFPD) (Kim et al., 2011). According to the Deep–Burn project,
deep burn TRISO particles can be irradiated to achieve a burn–up of 60–70% FIMA without
exceeding allowable TRISO fuel fluence limits (Versluis et al., 2008). In the AGR-1 fuel
Table 2.2. Typical dimensions and densities of TRISO particle layers (Petti et al., 2002).
layer thichness (µm) density (g/cm3)
kernel 480-520 OD ≥10.4
buffer 72-108 ≤1.05
inner pyrolytic carbon 30-50 1.91±0.1
silicon carbide 31-39 ≥3.18
outer pyrolytic carbon 25-45 1.91±0.1
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specification, the peak power limit for the TRISO particle is 400 mW/particle (Kendall,
2006).
Previous work has considered two different VHTR designs that use TRISO fuels; a
prismatic graphite block core design and a pebble bed core design. The prismatic VHTR
core consists of a prismatic block core configuration where hexagonal graphite fuel assemblies
are arranged in a cylindrical shape core, while the pebble bed VHTR core contains its fuel
in the form of pebbles distributed throughout a cylindrical core. The following subsections
describe these two designs and compare them in terms of thermal power, operational details,
and safety considerations.
2.2.1.2. The Prismatic Very High Temperature Reactor
In the prismatic VHTR design, the TRISO particles are embedded in graphite compacts
that are stacked within channels in hexagonal graphite fuel element blocks (Moses, 2010;
Hu and Uddin, 2010). Figure 2.4 shows a brief illustration of this process. Prismatic core
designs typically have higher thermal powers compared to pebble bed VHTRs (∼600 MWth
as compared to ∼400 MWth, respectively) (Moses, 2010). Prismatic cores also typically have
higher excess reactivities compared with pebble bed VHTRs (9.9 % ∆k/k as compared to <1
Figure 2.4. Prismatic fuel configuration.
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% ∆k/k, respectively) (Tsvetkov et al., 2009). The fuel inside the reactor core is arranged in
such a way that the peak fuel temperature will not reach the normal operating temperature
limit (around 1250 ◦C) (Moses, 2010).
Conceptually, prismatic VHTRs can be directly coupled to a Brayton cycle for electricity
generation purposes. Another option considers dual usage with both electricity generation
and other process heat applications (e.g. hydrogen production) (Abram and Ion, 2008). All
prismatic VHTRs are designed to have a passive safety feature in which heat is removed
by conduction through the graphite core, then by natural convection of the coolant and by
radiation and natural air circulation (Moses, 2010). Thus, the fuel will not melt or release
any fission products during normal or abnormal conditions.
2.2.1.3. The Pebble Bed Very High Temperature Reactor
In contrast to the prismatic design, in the pebble bed VHTR design, thousands of TRISO
particles are embedded in tennis ball–sized graphite spheres (Figure 2.5). These spheres are
randomly inserted into the reactor core (Hu and Uddin, 2010). The pebble bed VHTR has
a lower thermal power (typically 400 MWth (Moses, 2010)) compared with the prismatic
Figure 2.5. Pebble bed fuel configuration.
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VHTR, along with lower excess reactivity (<1 % ∆k/k) due to the on–line refueling possible
with this fuel form (Tsvetkov et al., 2009). Pebble bed VHTRs can be coupled to the
same secondary systems as prismatic VHTRs. Regarding the safety features, the pebble bed
VHTR has a weaker passive safety system than prismatic VHTRs as the pebble bed VHTR
lacks the graphite core that helps in conducting the heat from the fuel to the reactor vessel
(Moses, 2010).
The fuel spheres inside the reactor core continually circulate downward by gravitational
force as spheres are removed from the bottom of the core (Fratoni, 2008). Due to the
randomness of the fuel sphere distribution, tracking fuel burn–up is difficult (Moses, 2010).
Fuel spheres are removed from the bottom of the reactor core and their radioactivity is
measured to determine the burn–up of each sphere, before returning the sphere to the top of
the reactor core (Moses, 2010; Fratoni, 2008). If a fuel sphere reaches a certain burn–up limit
(∼120 GWd/tHM) (Moses, 2010), it will be transferred to the spent fuel storage tank. This
complex fuel handling mechanism will cost more than that of a prismatic VHTR; however,
the advantages of on–line refueling may overcome this drawback (Fratoni, 2008).
2.2.2. Advanced High Temperature Reactor
The Advanced High–Temperature Reactor (AHTR) is an extension of the VHTR concept
designed to operate at a high temperature (750 ◦C to more than 1000 ◦C) to efficiently
produce electricity and hydrogen. The AHTR’s fuel consists of TRISO particles in a graphite
compact, similar to the VHTR; however, the coolant will be a molten–salt (Záková, 2006).
The AHTR design shown in Figure 2.6 is based on previous designs such as the Gas
Turbine Modular Helium Reactor (GT–MHR) and the Pebble-Bed Modular Reactor (PBMR).
Compared to the helium coolant of High Temperature Gas–cooled Reactors (HTGRs), the
molten salt in the AHTR yields smaller temperature drops between the solid fuel and the
coolant, and the coolant and the secondary system (Forsberg et al., 2003). This allows a
higher core exit temperature compared to the HTGR, assuming the same inlet and fuel
temperatures, which will permit higher power densities in the reactor core (Forsberg et al.,
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2003).
The AHTR has several key operating characteristics that make it ideal for coupling
with a thermal energy storage system. First, AHTRs take advantage of a molten–salt
coolant which can provide high operating temperatures, low pressures and natural circulation
capabilities that allow for efficient heat transfer (Forsberg et al., 2003). The second important
characteristic is the coated–particle (TRISO) graphite matrix fuel which can withstand high
operating temperatures (Forsberg et al., 2003). Due to the natural circulation of the liquid
salt coolant, the AHTR is capable of producing large amounts of thermal power (more
than 2400 MWth (Forsberg et al., 2003)), compared to high temperature gas-cooled reactors
(around 600 MWth (Moses, 2010)).
Figure 2.6. AHTR illustration.
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To overcome the radioactive decay heat produced after an emergency shutdown, the
AHTR is provided with a passive Reactor Vessel Auxiliary Cooling system (RVAC). In the
RVAC system, the heat from the reactor fuel will be transferred to the reactor vessel by the
natural circulation of the liquid salt. Natural air circulation will remove the heat from the
reactor vessel to outside of the reactor. This process is not possible in high temperature
gas–cooled reactors due to the low efficiency of transferring heat by the natural circulation
of the gas coolant (Forsberg, 2005). As a safety measure, a guard vessel is added to the
reactor facility as a second line of defense. In case of any failure of the primary vessel, the
reactor will be contained by the guard vessel. The gap between the two vessels is filled with
argon gas (Forsberg, 2005).
There are many molten salts that could be viable coolants in the AHTR. The selection of
a molten-salt coolant involves many factors such as cost, melting and boiling points, reactor
design goals, activation products, et al. Previous studies have investigated different liquid
salts such as NaF, BeF2, LiF, ZrF4 and Li2BeF4 eutectic (FLiBe), to determine which salt is
the best choice for the AHTR coolant (Záková and Talamo, 2008; Záková, 2006). Chloride
molten salts have high thermal neutron absorption cross–section and high corrosion rates.
FLiBe is a good coolant candidate for the AHTR (Forsberg et al., 2003). The Molten–Salt
Reactor Experiment (MSRE) used FLiBe as its coolant salt (Haubenreich and Engel, 1970).
FLiBe has very good compatibility with graphite fuel, a low melting point (459 ◦C), a
high boiling point (around 1400 ◦C), and good heat transfer properties (Forsberg et al.,
2003). Despite the higher cost of FLiBe compared with other liquid salts, such as sodium or
zirconium fluoride, the use of FLiBe in a reactor typically results in a negative coolant void
coefficient, which is usually not true with other salts (Záková, 2006)
The Molten Salt Reactor (MSR) program recommended Hastelloy–N as construction
material with operating temperatures up to 750 ◦C (Ball and Forsberg, 2004). This
construction material should be more compatible with the AHTR as the coolant salt in
the AHTR is a pure salt that does not contain any fuel or fission products, unlike the
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coolant in the MSR (Forsberg, 2005; Forsberg et al., 2003).
2.3. Thermal Energy Storage
Thermal energy storage (TES) blocks have primarily been developed for use in conjunction
with renewable energy sources, mainly concentrated solar power (Gomez et al., 2011). A
TES block takes the excess heat generated from renewables during peak power generation
and stores it as thermal energy in a storing media. This process referred to as the charging
stage (Gil et al., 2010). Later, when the renewable energy production is low, the stored
energy in the TES will be discharged to the electricity production system (Gil et al., 2010;
Sharma et al., 2009).
Chemical heat storage is another type of the energy storage mechanism. In this
mechanism, the heat is stored in terms of chemical reactions. In a chemical heat storage
system, the reaction should be completely reversible (Gil et al., 2010). Also the reaction
has to be an endothermic so that it can absorb heat and store it during the charging state.
When the energy is needed, the stored heat is recovered with synthesis reactions (Gil et al.,
2010). Depending on the reversible capability of this reaction, the overall chemical heat
storage efficiencies will be determined. Chemical heat storage systems typically have high
storage energy densities. The disadvantage of this system that the development of reversible
thermochemical reactions is still at an early stage (Gil et al., 2010).
Pumped hydroelectric energy storage systems are in large–scale use as an efficient energy
storage system. This system consists of two lakes at different levels connected by a pump and
electric turbine generator. During periods of off–peak power demand, water is pumped to
the upper lake (charging stage). During periods of peak power demand, water is discharged
to the lower lake through the electric turbine generator (discharging stage) (see Figure 2.7)
(Schoenung, 2001). The drawback of pumped hydroelectric energy storage systems is mainly
the environmental impacts of constructing two large storage reservoirs that may involve
blocking natural water streams and negatively affecting wildlife habitats (Yang and Jackson,
2011).
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Figure 2.7. Pumped hydroelectric energy storage system.
Flywheels are another type of energy storage system. Flywheels use a rotating mass to
store kinetic energy. The amount of energy is controlled by the design of the system, and the
weight and speed of the rotating mass (Schoenung, 2001). During acceleration, the flywheel
is charging to provide kinetic energy by decelerating to produce electric power through a
generator. The disadvantage of this system that it can only provide a short–term energy
storage (Schoenung, 2001).
2.3.1. Thermal Energy Storage Mechanisms
There are two main mechanisms to store thermal energy, either as sensible heat or as
latent heat. Thermal energy is stored as sensible heat through increasing the temperature of
the storing material without changing its phase. In latent heat storage, the thermal energy is
stored by changing the phase of the storing material either from solid to liquid or from liquid
to gaseous without changing its temperature (Gil et al., 2010). Depending on the operating
conditions of the TES block, energy storing materials will operate in either the latent or
sensible heat region. As the temperature of a substance increases, the energy content also
increases. Figure 2.8 shows the relationship between stored heat and temperature in the
different regions. The amount of energy stored in the latent heat TES block, which equals
the enthalpy difference between the solid and the liquid phase of the energy storing material,
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Figure 2.8. Phase change materials and temperature change.
is represented by Equation 2.1 (Mehling and Cabeza, 2008):
∆Q = m ∆h (2.1)
If the TES block is operated outside the latent heat region, Equation 2.2 (Mehling and
Cabeza, 2008) describes the amount of energy stored as sensible heat, which equals the heat
capacity of the energy storing material multiplied by the temperature rise:
∆Q = m cp ∆T (2.2)
In this research project, an important benefit of the thermal storage system is isolating
the reactor from the secondary loop of the system, so no radiation containment is required
for the secondary part of the plant. Moreover, during a reactor upset, the thermal storage
unit can be used to take–up excess heat and store it or transfer it to a heat sink. Thus,
coupling a large thermal energy storage block to the reactor could enhance the safety of the
nuclear reactor, as well as allowing the reactor to efficiently meet a varying power demands
(Denholm et al., 2012).
There are many materials that can be used to store thermal energy. The selection of the
storing material depends on the chosen heat storage region (either sensible or latent), the
operating temperatures, the heat capacity required and any material compatibility issues
(Gil et al., 2010).
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2.3.2. Thermal Energy Storage Media
In any thermal energy storage system, specific materials are used to store energy in the
form of heat. For sensible heat storage, either solid or liquid materials are used. The selection
of storing material depends on the operation temperature (Portaspana, 2011). Examples of
solid heat storage materials are concrete, rocks, and some types of ceramics. If liquid media
are desired, molten salts or synthetic oil are usually preferred (Gil et al., 2010). For latent
heat storage, phase change materials (PCM) store heat as the heat of fusion, when the phase
changes from solid to liquid (generally recommended), or as the heat of vaporization, when
the phase changes from liquid to vapor (Gomez et al., 2011).
To reduce the size of the TES block, phase change materials (PCMs) are usually preferred
over sensible heat storage materials (Gil et al., 2010). Table 2.3 shows a comparison of two
different storing materials chosen to store 150 MWd of thermal energy (LiCl in the latent
heat region and NaCl–MgCl2 in the sensible heat region) (Kenisarin, 2010). It is clear in
this case that the material operating in the latent heat region has a much smaller volume
(by about a factor of four) than the material operating in the sensible heat region.
2.3.3. Thermal Energy Storage Concepts
There are several concepts for thermal energy storage. These concepts can be categorized
into two main categories, which are active energy storage and passive energy storage.
Figure 2.9 illustrates the difference between active and passive energy storage systems. In
active energy storage, the storage media acts as both the heat transfer fluid and the storage
Table 2.3. Comparison between latent and sensible heat storing materials.
TES Material LiCl NaCl–MgCl2
Melting Temperature (◦C) 610 450
Heat of Fusion (kJ/kg) 416 430
Specific Heat (J/kg–K) 1132 1000
Density (kg/m3) 2070 2230
Total Volume (m3) 15050 58116
Total Mass (kg) 3.12 x 107 13.0 x 107
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Figure 2.9. Active and passive energy storage.
media in either a direct or indirect way. In this type of energy storage, the storage media
is circulating in the heat exchangers; however, in passive energy storage, the storage media
remains in a storage tank (Gil et al., 2010). The storage media absorbs heat from the
heat source during the charging stage through a heat exchanger, and releases heat to the
secondary system during the discharging stage through another heat exchanger (Gil et al.,
2010).
2.3.3.1. Active Energy Storage
Active energy storage can be either direct or indirect. In direct active energy storage,
the main storage media is acting as both the heat transfer fluid and the storing media. In
indirect active energy storage, the main storage media is separate from the heat transfer
fluid.
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One direct active energy storage concept consists of two tanks, hot and cold, which charge
and discharge during the storage process (Gil et al., 2010) (Figure 2.10). In this case, the
storage media circulates in the heat exchangers of the heat source and the secondary system.
During the charging stage, the excess heat is stored as hot fluid in the hot tank while the
heat transfer fluid circulates between the primary heat source and the secondary system
(Portaspana, 2011). During the discharge stage, the hot fluid in the hot tank is pumped to
the secondary system. The cooled fluid is then stored in the cold tank until the next heating
cycle (Gil et al., 2010; Portaspana, 2011). The advantage of this type of storage is that the
hot and cold storage materials are stored separately. The main disadvantage is that it is very
difficult to find a cost–effective material that can serve as a heat transfer fluid and storage
material at the same time (Gil et al., 2010).
There are two concepts for indirect active energy storage. The first uses two tanks to store
the hot and cold storage media separately, similar to the two–tank direct storage concept
(Figure 2.11); however, in this case, there is a heat exchanger between the heat transfer
fluid and the storage media. This heat exchanger acts as a buffer between the two fluids
(Portaspana, 2011). During the charging stage, the primary heat transfer fluid supplies the
Figure 2.10. Two–tank direct active energy storage concept.
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Figure 2.11. Two–tank indirect active energy storage concept.
heat needed for the secondary system and transfers excess heat to the storage media fluid
through the heat exchanger. The hot storage media fluid is stored in the hot tank during
the charging stage (Gil et al., 2010). When the main heat source is not sufficient to supply
the needed heat to the secondary system, the storage media in the hot tank will supply heat
to the primary heat transfer fluid through the heat exchanger. The cold storage media fluid
is stored in the cold tank until the next heating cycle (Gil et al., 2010). Comparing this
concept to the direct two–tank concept, both schemes have similar features and drawbacks.
The second indirect active energy storage concept uses one tank for storing the hot and
cold portions of the storage media together, as shown in Figure 2.12. In any fluid system,
denser fluids will settle below less dense fluids and higher temperature fluids will be less
dense than lower temperature fluids. Thus, the hot portion of the storage media will be at
the top of the tank and the cold portion will be at the bottom of the tank. This type of tank
is called a thermocline storage tank (Gil et al., 2010). In this concept, the thermocline tank
operates similarly to the indirect two–tank concept but with the hot and cold storage media
stored in the same tank. The advantage of this concept is the lower cost of building a single
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Figure 2.12. One tank indirect active energy storage concept.
tank. However the great disadvantage is the need to control the freezing and stratification
of the storage media (Gil et al., 2010).
2.3.3.2. Passive Energy Storage
In any passive energy storage system, the storage media is not circulating in the primary
or secondary loop, but is instead contained inside a storage tank. The storage media can be
solid, liquid or gas (Gil et al., 2010). Frequently, solid materials serve as the storage media
as it is less complex to deal with a solid phase if the operation is in the sensible heat region.
For latent heat storage, the heat of fusion (solid–liquid transition) is usually significantly
higher than the heat of vaporization (liquid–gas transition) (Sharma et al., 2009; Medrano
et al., 2010). As discussed earlier, using Phase Change Materials (PCMs) in the latent heat
region will significantly reduce the volume of the storage tank compared to using PCMs in
the sensible heat region for storing the same amount of thermal energy.
Figure 2.13 presents a storage tank acting as a heat exchanger between the primary and
secondary loops. During the charging stage, the primary heat transfer fluid transfers heat
to the storage media, melting the PCM. During the discharging stage, the storage media
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Figure 2.13. Passive phase change material energy storage concept.
supplies heat to the secondary heat transfer fluid while solidifying. In this concept, the
thermal energy is stored as phase change energy (Sharma et al., 2009; Gomez et al., 2011).
The main advantage of this concept is the low cost of the storage media (Kenisarin,
2010; Gomez et al., 2011); however, there is a significant complexity in using phase change
materials in energy storage systems (Kenisarin, 2010). The main challenge is that the thermal
expansion and contraction of the PCM needs to be accomodated in the design of the storage
tank and primary and secondary heat exchangers, which will have a negative impact in the
economy of this concept (Gil et al., 2010).
As a way to reduce this problem, Sharma et al. (2009) suggested that many small storage
tanks can replace one big tank, which will reduce the maintenance cost of the system if a
single small tank fails. Also, the storage tank can be designed to increase the heat transfer
area between the primary loop and the storage media and between the storage media and
the secondary loop.
Figure 2.14 shows one potential PCM heat exchanger design (Sharma et al., 2009). This
design has many cylinders filled with the PCM and surrounded by the heat transfer fluid.
This will increase the heat transfer surface area to the storage media and the overall efficiency
25
of the storage unit. The storage media can also consists of many small encapsulated PCMs
surrounded by the heat transfer fluid (Figure 2.15) (Sharma et al., 2009). This concept will
increase the heat transfer surface area even further and improve the system efficiency.
Next chapters show how coupling a nuclear reactor to large–scale thermal energy storage
can significantly improve the viability of the nuclear power plant in an electricity grid
containing a significant fraction of renewable energy sources. Using a Prismatic–core
Advanced High Temperature Reactor coupled with phase change material based thermal
energy storage blocks can provide high operating temperatures and high power densities
leading to higher efficiencies and steady reactor operations.
Figure 2.14. A cylindrical shell with phase change material storage (Sharma et al., 2009).
Figure 2.15. Encapsulated PCM tube configuration (Gil et al., 2010).
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CHAPTER 3
COUPLED PRISMATIC–CORE ADVANCED HIGH TEMPERATURE REACTOR AND
THERMAL ENERGY STORAGE
Paper to be submitted to Progress in Nuclear Energy.
Saeed A. Alameri∗,1, Jeffrey C. King†,1
3.1. Abstract
Nuclear power plants usually provide base–load electric power and operate most
economically at a constant power level. In an energy grid with a high fraction of renewable
energy sources, future nuclear reactors may be subject to significantly variable power demands.
These variable power demands can negatively impact the effective capacity factor of the
reactor and result in severe economic penalties. Coupling the reactor to a large thermal
energy storage (TES) block will allow the reactor to better respond to variable power
demands. In the system described in this paper, a Prismatic–core Advanced High
Temperature Reactor (PAHTR) operates at constant power with heat provided to a TES
block that supplies power as needed to a secondary energy conversion system. The PAHTR
is designed to have a power rating of 300 MWth, with 19.75 wt% enriched Tri–Structural–
Isotropic UO2 fuel and a five year operating cycle. The passive molten salt TES system will
operate in the latent heat region with an energy storage capacity of 150 MWd. Multiple
smaller TES blocks are used instead of one large block to enhance the efficiency and
maintenance complexity of the system. The thermal energy storage (TES) system consists
of 300 blocks each having 1135 PCM tubes.
∗Primary author. †corresponding author: kingjc@mines.edu.
1Nuclear Science and Engineering Program, Department of Metallurgical and Materials Engineering,




cp specific heat (J/kg-K)
D interior diameter of the reactor coolant channel (m)
f friction factor (dimensionless)
g gravitational acceleration (9.81 m/sec2)
h heat transfer coefficient (W/m2-K)
k thermal conductivity (W/m-K)
L reactor core actual height (m)
Le reactor core extrapolated height (m)
m mass of the Thermal Energy Storage (TES) material (kg)
ṁchannel mass flow rate in a single reactor coolant channel (kg/s)
ṁpr primary loop mass flow rate (kg/s)
ṁsec secondary loop mass flow rate (kg/s)
Nu nusselt number (dimensionless)
pi pressure inside the LiCl tube (MPa)
po helium pressure outside the outer cladding (MPa)
q′ reactor single channel heat flux (W/m)
q̇ single channel heat generation (W)
q′0 reactor single channel maximum heat flux (W/m)
q̇cond TES conductive energy loss rate through the insulation layer (W)
q̇conv TES convective energy loss rate to the environment (W)
q̇loss energy loss rate from the TES block to the environment (W)
q̇rad TES Radiative energy loss rate to the environment (W)
Q̇ reactor thermal heat generation (W)
ri inner radius of the outer cladding (mm)
ro outer radius of the outer cladding (mm)
Re reynolds number (dimensionless)
Rcond thermal resistance of heat conduction through TES insulation layer (K/W)
Rconv thermal resistance of TES heat convection to the environment (K/W)
Rinner conv thermal resistance of heat convection from FLiBe to interior clad (K/W)
Rinner clad thermal resistance of heat conduction through the interior clad (K/W)
Rliquid LiCl thermal resistance of heat conduction through liquid region of LiCl (K/W)
Router clad thermal resistance of heat conduction through the exterior clad (K/W)
Router conv thermal resistance of heat convection from exterior clad to helium (K/W)
Rrad thermal resistance of TES heat radiation to the environment (K/W)
Rsolid LiCl thermal resistance of heat conduction through solid region of LiCl (K/W)
Tambient TES surrounding environment temperature (298 K)
Tc reactor bulk coolant temperature (K)
TRxi reactor inlet temperature (K)
Tsurface TES block exterior surface temperature (K)
Tstorage TES material temperature (K)
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Twall interior wall temperature of the reactor coolant channel (K)
v flow mean velocity (m/sec)
Greek
βeff effective delayed neutron fraction (dimensionless)
ε emissivity of highly polished aluminum film coating (dimensionless)
∆h specific enthalpy difference between the solid and liquid phases (J/kg)
∆Pfriction pressure drop due to flow friction (kPa)
∆Ptotal total pressure drop across the reactor coolant channel (kPa)
∆Q energy stored in the TES (J)
∆T temperature change (K)
µ coolant viscosity (Pa-sec)
ρ
FLiBe
density of FLiBe molten salt (kg/m3)
ρ
He
density of helium gas (kg/m3)
σ Stefan-Boltzmann constant (5.67×10−8 W/m2-K4)
σmax maximum hoop stress (MPa)
3.2. Introduction
Nuclear power plants operate most efficiently at a constant power level and usually
provide base load power to the electric grid (Denholm et al., 2012; Sato et al., 2012).
However, the power demand profile always varies over day and night operating cycles. As a
result, load–following is an important factor in power plant operation, particularly when an
electric grid includes a large fraction of highly variable energy sources (Denholm et al., 2012).
In an electric grid containing a large fraction of variable generation rate energy sources (such
as solar and wind), the load demands on base load energy sources such as nuclear power plants
will be highly variable (Denholm et al., 2012). This will place significant stress on future
nuclear plants, as nuclear power systems are generally designed to operate at a constant
power level. Additionally, variable power demands may result in a significant amount of
curtailment, which is particularly disadvantageous to the economics of high capital cost
power sources such as nuclear (Denholm et al., 2012).
Coupling a nuclear reactor to large–scale thermal energy storage can significantly improve
the viability of the nuclear power plant in an electricity grid containing a significant fraction
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of renewable energy sources. The nuclear reactor will operate at a constant power level,
supplying heat to a thermal energy storage (TES) block. The TES block will provide heat
as needed to the electric generation subsystem, which can be designed to rapidly respond
to changes in electric power demand (Denholm et al., 2012). Thus, the nuclear reactor is
allowed to operate at an optimal constant power level, buffered from changing demands by
the TES block. This paper describes the design and steady–state analysis of a prismatic–core
advanced high temperature reactor coupled with a passive molten salt latent–heat thermal
energy storage block.
3.3. Background
There is a significant movement in today’s world toward renewable energy supplies
such as solar and wind energy. This movement is driven primarily by climate–change
concerns, as well as a desire to decrease environmental pollution. The main disadvantage of
most renewable energy sources is their variable availability, as they are highly impacted by
uncontrollable natural factors such as sunlight intensity and wind speed (Sato et al., 2012).
Nuclear power also offers significant environmental benefits and is, in general, independent of
environmental issues such as sunlight intensity or wind speed. A combination of renewable
energy and nuclear power could help to address climate–change concerns while providing
highly reliable electric grid (Sato et al., 2012).
3.3.1. Load–Following Nuclear Power Plant Operation
Nuclear power plants operate most efficiently at a constant full reactor power. Full
reactor power operation is advantageous from an economics point of view, as nuclear power
technology is characterized by its high capital and low operation costs (Sato et al., 2012).
Additionally, in load–following operations, the reactor power is usually controlled by the
insertion of control rods, which cause neutron flux distortions, leading to undesirable hot
spots and uneven fuel burnup (Sato et al., 2012). Therefore, nuclear power plants usually
operate at full power providing base load power to the electric grid (Denholm et al., 2012;
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Sato et al., 2012). However, a real demand profile always tends to vary over day and night
operating hours. As a result, load–following has become increasingly important in nuclear
power plant operations, especially when a high fraction of renewable power sources are
incorporated in the electric grid (Denholm et al., 2012).
Nuclear power plants implement two major methods of load–following operation. The
first method regulates small changes in electric grid power by frequency control (Lokhov,
2011; Bruynooghe et al., 2010). This type of control can be either a primary frequency
regulation with an acceptable power fluctuation of ± 2% rated power, or a secondary
frequency regulation with an acceptable power fluctuation of ± 5% rated power (Bruynooghe
et al., 2010). This type of control lacks the capability to load–follow when the electric grid
power varies by more than ± 5% of the reactor’s rated power. The other method of load
following involves predefined variable load schedules that are approved by the grid operator,
where the nuclear power plant will cycle its power generation in the range of 100% to 50%
(Bruynooghe et al., 2010). The disadvantage of the later type of control is the resulting lower
capacity factor, which is economically non–preferable because nuclear power plants are high
cost installations with relatively low fuel costs.
To overcome these problems, a nuclear reactor could be coupled to thermal energy storage.
In this scheme, the nuclear reactor will operate at a constant power level, supplying power
to the thermal energy storage system, which will provide the energy needed to meet varying
power demands through a secondary electric power generation system. In this system, the
operating conditions of the nuclear reactor will remain constant and the secondary heat
exchanger of the thermal energy storage will respond to variations in power demand. In
this way, the reactor operations will be isolated from the varying loads of the power grid
(Denholm et al., 2012).
Figure 3.1 illustrates the coupled Nuclear Reactor–Thermal Energy Storage (RX–TES)
system considered in this paper. A 300 MWth Prismatic–core Advanced High Temperature
Reactor (PAHTR) provides power to a lithium chloride (LiCl) latent–heat TES system. The
35
Figure 3.1. Block diagram of a coupled nuclear reactor and thermal energy storage system.
LiCl TES system is coupled to a Closed Brayton Cycle (CBC) power conversion system
which can rapidly respond to changes in electric load demand.
The Advanced High Temperature Reactor (AHTR) has significant potential for coupling
with phase–change energy storage systems, as the AHTR usually uses molten salts as the
primary reactor coolant (Varma et al., 2012). Molten–salt coolants should be compatible with
most molten–salt thermal energy storage schemes and have better heat transfer
characteristics than the helium coolant used in Very High Temperature Reactors (VHTRs)
(Forsberg et al., 2003).
3.3.2. Advanced High Temperature Reactor (AHTR)
The Advanced High Temperature Reactor (AHTR) is a high–temperature fluoride–salt–
cooled reactor concept with a thermal output power of 3400 MWth (Varma et al., 2012).
AHTRs are designed to operate at high temperatures (750 ◦C to more than 1000 ◦C)
to efficiently produce electricity and hydrogen (Forsberg et al., 2003). The AHTR’s fuel
is based on the Very High–Temperature Reactor (VHTR) particle fuel concept, in which
Tri–Structural–Isotropic (TRISO) fuel particles are implanted in graphite blocks in the
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reactor core (Abram and Ion, 2008). A TRISO fuel particle consists of a uranium dioxide
or uranium carboxide fuel kernel surrounded by four coating layers that acts as the primary
containment of any possible release of fission products (Moses, 2010). These concentric layers
are a porous carbon buffer, an inner pyrolytic carbon (IPyC) layer, a silicon carbide (SiC)
shell, and finally an outer pyrolytic carbon (OPyC) layer (Hu and Uddin, 2010).
The AHTR design is based on previous High Temperature Gas–cooled Reactor (HTGR)
designs such as the Gas Turbine–Modular Helium Reactor (GT–MHR) and the Pebble–Bed
Modular Reactor (PBMR) (Forsberg et al., 2003). The coolant in an AHTR is a molten salt
such as FLiBe (Li2BeF4) or a sodium fluoride zirconium fluoride mixture (NaF/ZrF4), with
good heat transfer characteristics (Forsberg et al., 2003). Compared to the helium coolant
of HTGRs, the molten salt in an AHTR yields smaller temperature drops between the solid
fuel and the coolant, and between the coolant and the secondary system (Forsberg et al.,
2003). This allows a higher core exit temperature compared to the HTGR, assuming the
same inlet and fuel temperatures, which will permit higher power densities in the reactor
core (Forsberg et al., 2003).
To overcome radioactive decay heating after an emergency shutdown, the AHTR is
provided with a passive Reactor Vessel Auxiliary Cooling system (RVAC) (Forsberg, 2005).
In this system, the heat from the reactor fuel will be transferred to the reactor vessel through
the natural circulation of the liquid salt. Natural air circulation will remove the heat from the
reactor vessel to outside the reactor (Forsberg, 2005). As a safety measure, a guard vessel is
added to the reactor facility as a second line of defense. In any failure of the primary vessel,
the reactor contents will be contained by the guard vessel. The gap between the two vessels
will be filled with argon gas to enhance the rate of radiative heat removal from the primary
vessel to the guard vessel (Abram and Ion, 2008).
The good heat transfer characteristics of liquid salts allow an AHTR to produce large
amounts of thermal power (more than 2400 MWth) compared to high temperature gas–cooled
reactors (around 600 MWth) (Forsberg et al., 2003; Moses, 2010). Decay heat can be
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transferred from the fuel to the reactor vessel by the natural circulation of the liquid salt.
This process is not possible in high temperature gas–cooled reactors due to the low efficiency
in transferring heat by the natural circulation of a gas coolant (Forsberg, 2005).
Many molten–salts have been evaluated as coolants for the AHTR. The selection of
the molten–salt coolant involves many factors such as cost, melting and boiling points,
reactor design goals, and the production of activation products. Chloride salts are not viable
as reactor coolants as they have high thermal neutron absorption cross–sections and high
corrosion rates (Forsberg et al., 2003). Most AHTR designs have selected FLiBe (Li2BeF4) as
the primary coolant (Forsberg et al., 2003). The Molten–Salt Reactor Experiment (MSRE)
at Oak Ridge National Laboratory (ORNL) used FLiBe as the primary coolant (Haubenreich
and Engel, 1970). FLiBe has very good compatibility with graphite fuel, a low melting point
(459 ◦C), a high boiling point (around 1400 ◦C), and good heat transfer properties (Forsberg
et al., 2003). While FLiBe is more expensive compared to other liquid salts such as sodium
or zirconium fluoride, the use of FLiBe as a reactor coolant results in a negative coolant
void coefficient, which is not true with most other salts (Forsberg, 2005). This provides a
significant advantage in terms of reactor safety.
3.3.3. Thermal Energy Storage
Thermal energy storage (TES) blocks have been developed in conjunction with
concentrated solar power (CSP) renewable energy sources (Gomez et al., 2011). A TES
block takes the excess heat generated by the CSP system during peak power generation and
stores it as thermal energy in the storing media, referred to as the charging stage. Later,
when renewable energy production is low, the stored energy in the TES is discharged to the
electricity production system (Sharma et al., 2009).
3.3.3.1. Thermal Energy Storage Mechanisms
There are two main mechanisms to store thermal energy, either as sensible heat or as
latent heat. For sensible heat storage, the storing material stores energy as its temperature
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increases; however, in latent heat storage, a phase change material (PCM) stores heat as the
heat of fusion, when the phase changes from solid to liquid, or as the heat of vaporization,
when the phase changes from liquid to vapor (see Figure 3.2). Depending on the limiting
conditions of the TES block, energy storing materials will operate in either the latent or
sensible heat region. Equation 3.1 (Mehling and Cabeza, 2008) represents the amount of
energy stored in a latent heat TES block:
∆Q = m ∆h. (3.1)
If the TES block is operated outside the latent heat region, the sensible heat mechanism
will take over and the amount of energy stored will be described by Equation 3.2 (Mehling
and Cabeza, 2008):
∆Q = m cp ∆T. (3.2)
In this research project, an important benefit of the thermal energy storage system is
isolating the reactor from the secondary loop of the system, so no radiation containment
is required for the secondary part of the plant. Moreover, in the case of an accident, the
thermal storage unit can be used to remove excess heat from the reactor and either store
it or discharge it to a heat sink. Thus, coupling a reactor to thermal energy storage could
enhance the safety of the nuclear reactor and improve the reactor’s ability to efficiently meet
a varying electricity demand.
Figure 3.2. Sensible heat as compared to latent heat energy storage.
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3.3.3.2. Thermal Energy Storage Design Concepts
There are several published concepts for the design of thermal energy storage systems.
These concepts can be categorized into two main categories, active energy storage and passive
energy storage (Gil et al., 2010). In active energy storage, the storage media is acting as both
the heat transfer fluid and the storage media, with the storage media circulating through
one or more heat exchangers; however, in passive energy storage systems, the storage media
doesn’t flow through the heat exchangers and remains in storage tanks (Medrano et al., 2010).
In a passive energy storage system, the storage media absorbs heat during the charging stage
through an in–tank heat exchanger, and releases heat to the secondary system during the
discharging stage through another in–tank heat exchanger (Gil et al., 2010).
Active energy storage systems can be classified as either direct or indirect (Gil et al.,
2010). In direct active energy storage, the storage media acts as the heat transfer fluid and
the storing media which has the advantage of eliminating the heat exchangers (Medrano
et al., 2010). In indirect active energy storage, the main storage media is different from the
heat transfer fluid (Medrano et al., 2010). One direct active energy storage concept uses
two tanks, hot and cold, to charge and discharge during the storage process as shown in
Figure 3.3 (Gil et al., 2010). The storage media circulates through the heat exchangers of
the heat source and the secondary system. Thus, during the charging stage, the excess heat
is stored as hot fluid in the hot tank while the heat transfer fluid is still circulating between
the primary heat source and the secondary system (Gil et al., 2010). During the discharge
stage, the hot fluid in the hot tank is pumped to the secondary system, where it is cooled.
The fluid is then stored in the cold tank until the next heating cycle (Gil et al., 2010). Many
concentrating solar power (CSP) projects (including Archimede, Solar Tres and SEGS I) use
the two–tank direct active energy storage concept as their thermal storage block during peak
power generation (Liu et al., 2012). The disadvantage of direct active energy storage system
is the difficulty in finding cost–effective materials that can serve as good heat transfer and
storage materials at the same time (Gil et al., 2010). Special care has to be taken to insure
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Figure 3.3. Two–tank direct active energy storage concept.
that the heat transfer fluid does not freeze, which leads to higher operation and maintenance
costs.
One potential indirect active energy storage system uses two tanks to store the hot and
cold storage media separately, similar to the direct active energy storage system; however,
in the two–tank indirect active storage system, there is a heat exchanger between the heat
transfer fluid and the storage media as shown in Figure 3.4 (Gil et al., 2010). This heat
exchanger acts as a buffer between the two fluids. During the charging stage, the primary
heat transfer fluid supplies the heat needed by the secondary system and transfers excess
heat to the storage media fluid through the heat exchanger (Gil et al., 2010). The hot storage
media fluid is stored in the hot tank during the charging stage. When the main heat source
is not sufficient to supply the needed heat to the secondary system, the storage media in
the hot tank will supply heat to the primary heat transfer fluid through the heat exchanger
(Medrano et al., 2010; Gil et al., 2010). During the discharge stage, the cold storage media
fluid is stored in the cold tank until the next heating cycle.
Several CSP projects such as Andasol 1, 2 & 3, and Arcosol 50, use the two–tank indirect
active energy storage concept (Medrano et al., 2010; Liu et al., 2012). This concept has nearly
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Figure 3.4. Two–tank indirect active energy storage concept.
same features and drawbacks as the two–tank direct active storage concept; however, the
two–tank indirect active energy storage concept has higher maintenance costs due to the
additional heat exchanger required in this concept between the heat transfer fluid and the
storage media (see Figure 3.4) (Gil et al., 2010).
An alternative indirect active energy storage concept known as a thermocline storage
tank uses one tank for storing the hot and cold portions of the storage media together, as
shown in Figure 3.5 (Gil et al., 2010). In any fluid system, denser fluids will settle below less
dense fluids and higher temperature fluids will be less dense than lower temperature fluids.
Thus, the hot portion of the storage media will be at the top of the tank, the cold portion will
be at the bottom of the tank. A filler material such as quartzite rock or silica sand is used to
retain the thermocline zone and to lower the cost of the storage tank (Gil et al., 2010). As
a one–tank indirect active energy storage concept, a thermocline tank operates similarly to
the indirect two–tank concept but with the hot and cold storage media stored in the same
tank (Medrano et al., 2010; Liu et al., 2012). Solar renewable energy power plants such as
Puerto Errado 1 and 2, use thermocline energy storage concept to store the excess energy
during peak generating hours (Liu et al., 2012). The one–tank indirect active energy storage
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Figure 3.5. One–tank indirect active energy storage concept.
concept lowers costs by building a single tank; additionally, most of the high–cost storage
material can be substituted by lower cost filler material. However, the challenges posed by
controlling the freezing and stratification of the storage media is the great disadvantage of
this scheme (Gil et al., 2010).
In a passive energy storage system, the storage media does not circulate in the primary
or secondary loops, but is instead contained inside a storage tank. The storage media can
be a solid, liquid or gas (Gil et al., 2010). Frequently, solid materials serve as the storage
media in this type of energy storage as a result of the reduced complexity of dealing with
a solid phase if the system operates in the sensible heat region (Sharma et al., 2009). If a
latent heat storage system is used, phase change materials (PCMs) are heated at the melting
temperature. Latent heat storage usually results in smaller storage sizes; but, controlling
the phase change poses significant design challenges (Sharma et al., 2009; Medrano et al.,
2010).
In a passive energy storage system with a phase change material (PCM) operating in the
latent heat region, the storage tank acts as the heat exchanger between the primary loop
and the secondary loop as shown in Figure 3.6. While charging, the primary heat transfer
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Figure 3.6. Passive energy storage concept.
fluid transfers heat to the storage media to melt the PCM. While discharging, the storage
media supplies heat to the secondary heat transfer fluid as the PCM solidifies. Thus, the
thermal energy is stored as phase change energy (Gomez et al., 2011; Sharma et al., 2009).
The main advantage of a passive heat storage system is the low cost of the storage media;
however, the use of phase change materials increases the complexity of the energy storage
system as the thermal expansion and contraction of the PCM must be accommodated by
the storage tank and the primary and secondary heat exchangers. This will have a negative
impact in the economy of this concept (Gil et al., 2010).
One way to reduce this problem is to replace a single large storage tank with many small
storage tanks. This will reduce the maintenance costs for the system, as one small tank is
cheaper to replace than one big tank. The storage tank can also be designed to increase
the heat transfer area between the primary loop and the storage media and between the
storage media and the secondary loop. Figure 3.7 shows one potential design (Sharma et al.,
2009). In this concept, the storage media consists of many small–encapsulated PCM modules
surrounded by the heat transfer fluid.
Coupling a nuclear reactor to large–scale thermal energy storage can significantly improve
the viability of the nuclear power plant in an electricity grid containing a significant fraction of
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Figure 3.7. Cylindrical shell phase change material energy storage.
variable generation rate renewable energy sources. An Advanced High Temperature Reactor
(AHTR) coupled with passive PCM–based thermal energy storage blocks can provide high
operating temperatures and dense power storage. The next sections describe the design of a
coupled AHTR/latent–heat thermal energy storage system. In this system, a Prismatic–core
Advanced High Temperature Reactor (PAHTR) operates at constant power with power
provided to a TES block that supplies power as needed to a secondary energy conversion
system.
3.4. System Design
This section discusses the system sizing, the reactor design (including neutronics and
thermal–hydraulic calculations), and the thermal energy storage design (including the
selection of the energy storing material).
3.4.1. System Sizing
The coupled nuclear reactor–thermal energy storage system is sized to meet the energy
demands of a small city, while accommodating the transient effects of a highly fluctuating
renewable energy grid. Thus, the TES system stores energy during nighttime to provide
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power during the peak energy hours during the daytime with the nuclear reactor operating
at an optimal constant power level.
The hypothetical small city is assumed to consist of 55,000 households with an annual
population growth rate of 1%. Therefore, over the lifetime of the nuclear reactor (assumed to
be 60 years), the number of households increases to almost 100,000. Assuming that every 750
households require 1 MW of electric energy, the electric power required for this city at the
end of the reactor’s life is around 132 MWe (California ISO, 2014). The overall conversion
efficiency of the coupled system is assumed to be 45%, based on the use of a closed brayton
cycle as the secondary conversion system (Forsberg et al., 2003; Holcomb et al., 2011). Thus,
the thermal power rating of the nuclear reactor is 300 MWth with a 2% design margin.
The thermal energy storage block is sized based on an expected daily power demand
curve (see Figure 3.8) (Eskom, 2012). During the night, from 9 pm to 7 am, the energy
block stores energy to provide it during peak times of the day. Using the power ratings of
the assumed population, a 150 MWd energy block is needed to provide the power needed by
the hypothetical city.
Figure 3.8. Daily power demand curve for the proposed system.
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3.5. Reactor Design
Figure 3.9 presents axial and radial views of the Prismatic–core Advanced High
Temperature Reactor (PAHTR) shown in Figure 3.1. Table 3.1 presents the key design
specifications of the PAHTR. The use of a molten salt coolant in the PAHTR allows for the
high exit temperatures and power densities needed for efficient energy storage and power
conversion (Forsberg et al., 2003). FLiBe is the preferred reactor coolant, as it has very
good compatibility with graphite fuel, a low melting point (459 ◦C), a high boiling point
(around 1400 ◦C), a negative void coefficient, and good heat transfer properties (Forsberg
et al., 2003).
The PAHTR core has an aspect ratio of 1.31, containing 90 prismatic fuel assemblies
(see Figure 3.9), with a total height of 525 cm. Each of the assemblies (see Figure 3.10)
consists of a 36 cm flat–to–flat graphite block containing 358 fuel rods (1.245 cm OD),
216 coolant channels (1.0 cm OD), 20 control rods (1.145 cm OD), and a central slot to
accommodate a fuel handling tool. The fuel rods in each prismatic fuel assembly contain
Tri–Structural–Isotropic (TRISO) fuel particles dispersed in a graphite matrix with a packing
factor of 35%.
Figure 3.11 shows the TRISO fuel configuration used in the PAHTR. The central fuel
kernel (19.75 wt% enriched UO2 with an outer diameter of 430 µm) is surrounded by a porous
carbon buffer layer (85 µm thick) to accommodate fission recoils and gaseous fission products
(Hu and Uddin, 2010). An inner pyrolytic carbon (IPyC) layer (35 µm thick) surrounds the
porous carbon layer and is coated with silicon carbide (SiC) (35 µm thick) (Hu and Uddin,
2010). Finally, the outer pyrolytic carbon (OPyC) layer (40 µm thick) protects the SiC layer
(Hu and Uddin, 2010). The PAHTR contains 10 metric tons of uranium, which is sufficient
for a five year operating cycle.
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Figure 3.9. Axial and radial cross section views of the PAHTR core.
Table 3.1. PAHTR design specifications.
Power 300 MWth
Average power density 4.64 W/cm3
Inlet temperature 620 ◦C
Outlet temperature 720 ◦C
Core temperature rise 100 ◦C
Coolant flow direction upward
Active core diameter 3.96 m
Active core height 5.25 m
Active core volume 64.66 m3
Fuel assemblies 90
Fuel rods per assembly 358
Coolant channels per assembly 216
Fuel rod radius 0.6225 cm
Coolant channel radius 0.5 cm
Fuel Type TRISO (430 µm OD UO2 kernel)
Packing factor 35%
Enrichment 19.75 wt% U-235
Heavy metal mass 10 MT
Figure 3.10. Radial cross section of a PAHTR fuel assembly.
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Figure 3.11. PAHTR TRISO fuel particle.
3.5.1. Neutronics Calculations
Analyses using the Monte Carlo N–Particle version 5 (MCNP5) transport code (X-5
Monte Carlo Team, 2008) and the SERPENT Monte Carlo code version 1.1.19 (Leppänen,
2013) determined the neutronic parameters of the PAHTR. This includes the effective
multiplication factors of the reactor, the reflector size, the control system design, burnup
calculations, the temperature feedback coefficients, the hot rod factors, the axial peaking
flux, and the delayed neutron fractions.
3.5.1.1. Determination of the reactor dimensions and fuel loading
The simple burnup relation shown in Equation 3.3 determined the rough lifetimes for




)× heavy metal mass (tHM)




Table 3.2 tabulates these lifetimes along with the corresponding core sizes. A reactor core
4 meters in outer diameter and 5.25 meters in height is sufficient to operate for five years
without refueling based on a maximum burnup of 65 GWd/tHM (Sterbentz et al., 2004).
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Table 3.2. Reactor core sizes and anticipated lifetimes.






3.5.1.2. MCNP and SERPENT model description
All parameters in the MCNP5 input file were initially set at room temperature. Criticality
calculations included 10000 neutrons per cycle with 150 total cycles including 20 discarded
cycles. The initial multiplication factor guess was 1.3. A general source card (SDEF)
described the initial neutron distribution in the core. The source was positioned at the
center of the fueled portion of the core with a toroidal shape with a height of 500 cm, an
inner radius of 20 cm and an outer radius of 180 cm, to get a more accurate initial neutrons
distribution. A power law distribution evenly distributed the initial neutrons throughout
the toroid.
To calculate the cold beginning of cycle (BOC) excess multiplication factor, the material
densities in the reactor were set to values corresponding to a temperature of 300 K along with
cross–section data at the same temperature from the ENDF/B-VII cross-section libraries.
To determine the hot BOC, hot end of cycle (EOC) and hot shutdown excess multiplication
factors, materials’ densities were set to a value corresponding to a temperature of 900 K
with cross–section data at the same temperature. To calculate the shutdown multiplication
factor, all of the control rods were fully inserted into the fueled region. Table 3.3 lists the
compositions and densities of the main materials used in these calculations.
Four factors contribute to the total temperature feedback coefficients calculated by
MCNP5. The first is the cross section library selected at each temperature point. Since
the ENDF/B-VII cross–section library does not contain data with 100–degree temperature
increments from 800 K to 1200 K, the Doppler broadening routine in the MAKXSF utility
program generated custom cross section libraries at the needed temperatures. The second
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Table 3.3. Materials compositions and densities.
material composition (at.%) density (g/cm3)
UO2 6.65
235U, 26.68 238U, 66.67 16O 10.963 at 300 K, 10.766 at 900 K
FLiBe 28.57 7Li, 14.29 9Be, 57.14 19F 2.153 at 900 K
He 100 4He 1.665×10−4 at 300 K
B4C 15.92
10B, 64.08 11B, 20 C 2.50
Graphite 100 C 1.74
PyC 100 C 1.90
Porous 100 C 0.97
SiC 46.12 28Si, 2.33 29Si, 1.55 30Si, 50 C 4.21
variable is the free–gas thermal temperature provided for each cell in the model based on
the temperatures.
The remaining two factors are the density and thermal expansion of the materials in
the reactor core. As a matter of simplicity, the temperature feedback analysis considered
only the coolant, graphite and fuel kernel density along with the linear thermal expansion
of the kernel into the buffer layer. Table 3.4 lists the densities and linear thermal expansion
coefficients of the UO2 fuel kernels used in this study. Table 3.4 also tabulates FLiBe and
graphite densities at the temperatures considered in this study. The FLiBe densities in Table





2518.0− 0.406 T (K); T < 973 K
2763.7− 0.687 T (K); T > 973 K
. (3.4)
Table 3.4. Densities and thermal expansion coefficients used to calculate the temperature
feedback coefficients of the PAHTR.











800 10.800 9.9300×10−6 2.193 1.700
900 10.766 9.9885×10−6 2.153 1.697
1000 10.733 1.0000×10−5 2.077 1.690
1100 10.699 1.0100×10−5 2.008 1.687
1200 10.664 1.0223×10−5 1.939 1.680
a(Popov et al., 2000)
b(Sohal et al., 2010)
c(International Atomic Energy Agency, 2008)
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In the SERPENT input file, the materials’ initial densities were set to values corresponding
to the specified temperature, along with cross–section data at the same temperature using the
ENDF/B-VII cross–section libraries. The criticality calculations included 10000 neutrons per
cycle, with 150 total cycles including 20 discarded cycles. The source rate was normalized by
setting the fission rate in the reactor to 9.855×1018 fissions per second, which corresponds to
a power level of 300 MWth assuming that each fission produces 190 MeV. The multiplication
factor of the reactor is calculated at time steps of 1 day, 10 days, 100 days, 1 year, 2 years,
3 years, 4 years, and 5 years. The fission source is normalized to only fissionable materials.
3.5.1.3. Reflector sizing
To determine the optimum reflector thickness around the core, a cylindrical shell of
graphite material with different thicknesses was placed around the core. MCNP5 criticality
calculations estimated the effective multiplication factor for different reflector thicknesses,
starting with no reflector up to a thickness of 1000 cm. Figure 3.12 shows that the effective
Figure 3.12. Effective multiplication factor as a function of reflector thickness.
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multiplication factor reaches a nearly constant level at a thickness of slightly more than 100
cm. Beyond 150 cm, additional reflector has little impact on the criticality of the reactor.
Based on this, the PAHTR uses a 100 cm reflector.
3.5.1.4. Effective multiplication factor calculations
SERPENT and MCNP5 determined the cold Beggining Of Cycle (BOC) excess
multiplication factor at room temperature, the hot shutdown excess multiplication factor,
and the hot BOC excess multiplication factor. SERPENT calculated the hot End Of Cycle
(EOC) excess multiplication factor. The hot calculations assumed an operating temperature
of 900 K.
Table 3.5 presents the calculated multiplication factors. The SERPENT results are in
good agreement with MCNP results. Based on the SERPENT results, with an effective
delayed neutron fraction (βeff ) of 0.00647 (see Section 3.5.1.10), the reactor has a significant
cold beginning of cycle excess reactivity of $39.64, a hot beginning of cycle excess reactivity
of $33.70, and a hot clean shutdown margin of $115.68. After five years of operation, the
reactor has a hot excess reactivity of $5.32.
3.5.1.5. Control system design
As shown in Figure 3.10, there are 20 control rods in each fuel assembly. Each 1.145
cm OD control rod contains unenriched boron carbide (B4C) in a 0.5 mm stainless steel
clad. A 0.5 mm gap between the control rod and graphite material of the assembly ensures
that the control rods will not jam when they thermally expand at the reactor operating
temperatures. At the beginning of an operating cycle, the reactor shuts down with the
Table 3.5. Multiplication factors and reactivities determined for the PAHTR.
multiplication factor reactivity ($)
SERPENT MCNP SERPENT MCNP
cold BOC 1.34496 ± 0.00082 1.34515 ± 0.00075 39.64 ± 0.12 39.66 ± 0.11
hot BOC 1.27882 ± 0.00082 1.27656 ± 0.00084 33.70 ± 0.12 33.49 ± 0.12
hot EOC 1.03563 ± 0.00100 - - - 5.32 ± 0.15 - - -
shutdown 0.57194 ± 0.00139 0.57159 ± 0.00073 -115.68 ± 0.10 -115.84 ± 0.05
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simultaneous insertion of 75% of all of the control rods (see Figure 3.13). Figure 3.13 shows
that there is plenty of shutdown margin at the beginning of cycle with 100% insertion of the
control rods. Each control rod is cooled by three coolant channels, similar to the fuel rods
(see Figure 3.10).
3.5.1.6. Burnup calculations
To determine the neutronic lifetime of the reactor core, SERPENT models of four different
cores estimated the effective multiplication factor of the reactor as a function of time at
300 MWth (see Figure 3.14). Based on these results, a 2.5–meter diameter core that has
36 fuel assemblies containing 3.1 tons of heavy metal (uranium) will last two full years
before becoming subcritical (Figure 3.14). A 3.3–meter diameter core with 60 fuel assemblies
containing 5.1 tons of heavy metal will operate for 2.5 years (Figure 3.14). A 4–meter
diameter core that contains 90 fuel assemblies with 7.7 tons of heavy metal will almost last
four years before becoming subcritical (Figure 3.14). All of the previous geometries have a
height of four meters.
Figure 3.13. Cold clean effective multiplication factor as a function of control rod insertion.
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Figure 3.14. Hot effective multiplication factor as a function of time at 300 MWth for four
PAHTR core sizes.
The final proposed core is four meters in diameter and contains 90 fuel assemblies with
10 tons heavy metal but at a height of 5.25 meters. This core remains critical for five years
with a final multiplication factor of 1.03563. All subsequent PAHTR calculations are based
on this core. Uranium fuel usually depletes non–uniformly in reactor cores. This can be
addressed by fuel shuffling, multi–batch approach that leads to better fuel utilization and
higher burnups (Xu, 2003).
3.5.1.7. Temperature feedback coefficients
The temperature feedback coefficients of the PAHTR are determined from MCNP5
calculations. In this calculation, molten FLiBe (Tmelt = 723 K) is the coolant. Using the data
in Table 3.4, the MCNP model calculated the hot clean effective multiplication factor of the
PAHTR at different temperatures of the coolant, fuel and graphite (see Figures 3.15, 3.16,
and 3.17). The remaining components were held at a temperature of 300 K. The temperature
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Figure 3.15. Calculated hot clean multiplication factors at different coolant temperatures
and the corresponding coolant temperature feedback coefficient for the PAHTR.
Figure 3.16. Calculated hot clean multiplication factors at different fuel temperatures and
the corresponding fuel temperature feedback coefficient for the PAHTR.
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Figure 3.17. Calculated hot clean multiplication factors at different graphite temperatures
and the corresponding graphite temperature feedback coefficient for the PAHTR.
feedback coefficient is determined by the slope of the plot of the multiplication factor as a
function of temperature. The coolant temperature feedback coefficient is -1.315×10−5 dk/dT
(which corresponds to -$0.002/dT), the fuel temperature feedback coefficient is -3.881×10−5
dk/dT (which corresponds to -$0.006/dT), and the graphite temperature feedback coefficient
is -1.127×10−5 dk/dT (which corresponds to -$0.002/dT).
3.5.1.8. Hot channel factors
To better understand the power distribution in the reactor, a hot rod analysis identified
the highest power assembly and fuel rod. SERPENT calculates the hot assembly and hot
rod factors as the maximum fuel assembly or maximum rod power divided by the core or
assembly average power, respectively (Leppänen, 2007). Thus, the hot channel factor equals
the assembly peaking factor multiplied by the fuel rod peaking factor.
To determine the peak fuel assembly, the fuel assembly lattice power distribution matrix
was extracted from the SERPENT output file and plotted in Matlab (see Figure 3.18). The
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hot assembly peaking factor is 1.991 representing 6.63 MWth of the reactor’s total thermal
power (300 MWth). This assembly is located in the centermost fueled ring of the core (see
Figure 3.18).
Extracting the fuel rod lattice power distribution matrix from the SERPENT output file
and plotting it in Matlab, yielded a hot channel peaking factor of 1.219 within the assembly
and 2.427 across the overall core. This corresponds to a power generation rate of 22.6 kWth
in this fuel rod. The hot fuel rod is located on the centermost–edge of the hot assembly.
3.5.1.9. Axial flux peaking factor
The PAHTR axial power peaking factor is also very important for the thermal hydraulics
analyses of the reactor. The power peaking factor is proportional to the flux peaking factor
multiplied by the macroscopic fission cross–section. MCNP5 determined the neutron flux as
a function of height in the reactor core using a mesh tally that divided the core into multiple
Figure 3.18. Calculated fuel assembly peaking factors.
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slices. MCNP5 then calculated the average flux in each slice. Dividing the average flux in
each slice by the average core flux (6.73×1013 n/cm2-s) calculated by an F4 tally over the
entire core yields the axial peaking factors for the reactor core (Figure 3.19). The maximum
axial flux peaking factor of 1.68 occurs at a height of 193 cm from the bottom of the PAHTR
core.
3.5.1.10. Reactor kinetics parameters
Reactor kinetics parameters such as the effective delayed neutron fraction (βeff ), prompt
generation time, and the six–group delayed neutron fractions and half–lives are needed to
perform transient analyses of the coupled reactor–TES system. These data were provided by
the SERPENT model of the PAHTR and are tabulated in Table 3.6. The calculated delayed
neutron fractions and half–lives are comparable with the standard values for uranium-235
(Lewis, 2008). In this calculation, the material densities and cross–sections data were taken
at a temperature of 900 K using the ENDF/B-VII cross–section libraries in SERPENT.
Figure 3.19. Calculated axial flux peaking factors.
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Table 3.6. Reactor kinetics parameters calculated for the PAHTR by SERPENT.







1 0.00021 0.00019 56 55.494
2 0.00142 0.00109 23 21.797
3 0.00128 0.00110 6.2 6.328
4 0.00257 0.00294 2.3 2.183
5 0.00075 0.00080 0.61 0.512
6 0.00027 0.00035 0.23 0.080
βeff 0.00650 0.00647
Prompt generation time (sec) 4.085×10−4
a(Lewis, 2008)
3.5.2. Thermal–Hydraulic Calculations
In any nuclear reactor design process, it is very important to consider thermal hydraulics
in parallel with the neutronics design. A SolidWorks Flow Simulation model of an average
PAHTR coolant channel determines the temperature distribution and pressure drops across
the PAHTR core. An analytical solution of the bulk and wall temperatures provides a
validation case for the temperature calculations, followed by the calculation of the pressure
drop across the channel.
3.5.2.1. SolidWorks Flow Simulation 1–channel model
SolidWorks Flow Simulation modeled the thermal hydraulic conditions in one coolant
channel surrounded by six fuel rods (Figure 3.20). The overall core has 90 assemblies with
each assembly containing 216 coolant channels. The flow in the model starts at the bottom
end of the channel with the outlet pressure at the top of the channel equal to atmospheric
pressure. The required mass flow rate in the channel is determined based on a 100–degree
rise in the bulk coolant temperature across the channel as follows:
Q̇ = ṁpr cp ∆T, (3.5a)
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) = 0.06388 kg
s
. (3.5b)
The model assumes that the bulk material of the fuel assembly and fuel rods is graphite.
The thermophysical property data for graphite used in the model are given in Table 3.7.
The model uses FLiBe as the working fluid with a starting inlet temperature of 893 K. Table
3.8 presents the thermophysical property data used for FLiBe in the model. The heat flux
in the model has a cosine profile given as:






To find q′0, the average value of the heat flux function is evaluated in Equation 3.7:
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Table 3.7. Density, specific heat, thermal conductivity and thermal expansion coefficients











800 1.700 1648 57 4.7×10−6
900 1.697 1730 52 4.8×10−6
1000 1.690 1795 47 5.0×10−6
1100 1.687 1848 44 5.1×10−6
1200 1.680 1892 42 5.2×10−6
a(International Atomic Energy Agency, 2008)











800 2.193 2415.780 1.030 0.013
900 2.153 2415.780 1.080 0.008
1000 2.077 2415.780 1.130 0.005
1100 2.008 2415.780 1.180 0.004
1200 1.939 2415.780 1.230 0.003












assuming Le = L, then q′0 =
π
2
q̇. As shown in Figure 3.20, each of the six fuel rods in the







= 4617.27 W/m. (3.8)
3.5.2.2. Axial and radial coolant channel temperature distributions
Figure 3.21 displays the axial coolant temperature as a function of radial position
determined by the SolidWorks Flow Simulation model. The flow inside the channel is
laminar. Thus, there is a significant gradient between the centerline temperature and the
wall temperature toward the end of the channel (see Figure 3.22) that is caused by the poor
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Figure 3.21. Axial coolant temperature in the average PAHTR channel as a function of
position in the channel.
Figure 3.22. Radial coolant temperature in the average PAHTR channel as a function of
height.
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mixing of the coolant within the channel.
An analytical solution for a single–phase coolant flow with constant specific heat in a
single heated channel provides a verification of the SolidWorks Flow Simulation model. The













































To calculate the heat transfer coefficient between the bulk coolant and the wall of the
















Based on this Reynolds number, the flow is laminar (Re < 2300). The Nusselt number for
laminar flow in a cylindrical channel, assuming constant surface heat flux, is 4.36 (Todreas








The analytical solution assumes a constant surface heat flux, which is not the case in the
simulated model. Documented values of the Nusselt number for the laminar flow of FLiBe
with varying surface temperature and heat flux could not be found.
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Figure 3.23 compares the bulk and wall temperatures of the coolant channel predicted
by SolidWorks Flow Simulation and the analytical model. The predicted coolant bulk
temperatures agree nearly perfectly; however, the simulated and calculated channel wall
temperatures are significantly different, mainly due to the assumption of perfect mixing in
the analytical solution. Perfect mixing is often not present in long, thin, channels.
3.5.2.3. Core pressure drop
To better understand the condition of the coolant, the pressure of the fluid must be
determined across the core height. SolidWorks Flow Simulation can determine the fluid
pressure at different locations in the coolant channel. Figure 3.24 shows the axial variation
of fluid pressure along the average PAHTR coolant channel.
An analytical calculation verifies the pressure drop calculated by SolidWorks Flow
Simulation across the reactor core. The pressure drop in vertical channels for an
Figure 3.23. Bulk and wall coolant temperatures calculated by SolidWorks Flow Simulation
and the analytical model of the PAHTR.
66
Figure 3.24. Coolant pressure calculated by SolidWorks Flow Simulation as a function of
height in the average PAHTR coolant channel.
incompressible viscous fluid has two terms, friction and gravity (Todreas and Kazimi, 2010).
The friction factor for fully developed laminar flow in a cylindrical channel is defined as





The pressure drop due to friction of the flow in vertical cylindrical channels is calculated as





(0.38 m/s)2(0.05)(5.25 m)(2135.1 kg/m3)
2(0.01 m)
= 4.0 kPa. (3.14)
By adding the gravity pressure difference (110.0 kPa), the total pressure drop in the channel
is determined as:
∆Ptotal = ∆Pfriction + ρgL = 114.0 kPa. (3.15)
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The analytical pressure drop value of 114.0 kPa is in good agreement with the Flow Simulation
calculated value of 112.9 kPa (calculated from Figure 3.24).
3.6. Thermal Energy Storage Design
There are two main thermal energy storage (TES) mechanisms, latent heat storage and
sensible heat storage. The following sections finalize the selection of the TES storing material
by comparing the two TES mechanisms, describe the system sizing and a single TES block
design, and analyze energy losses from the TES block.
3.6.1. Selection of the energy storing material
Table 3.9 compares two different energy storing materials considered to store 0.5 MWd of
thermal energy from the PAHTR: lithium chloride (LiCl) in the latent heat region and sodium
chloride/magnesium chloride eutectic (NaCl–MgCl2) in the sensible heat region (Kenisarin,
2010). In the PAHTR–TES system, storing energy in the latent heat region results in a
smaller TES volume, compared to sensible heat storage, by about a factor of four.
Based on the smaller required volume, and the potential benefits of constant temperature
thermal storage, lithium chloride is the preferred phase change energy storage material for
this system. Lithium chloride has a high latent heat capacity (416 kJ/kg), and will store the
necessary heat with a reasonable mass and volume for the TES block (Hasnain, 1998). The
TES block will operate in the phase change region for lithium chloride, between the solid
and liquid phases, which will allow the maximum amount of heat to be stored with little
change in the temperature of the material. This will also minimize the mass of the material
Table 3.9. Comparison between potential latent and sensible heat storing materials.
LiCl NaCl–MgCl2
Total energy storage (MWd) 0.5 0.5
Melting Temperature (◦C) 610 450
Heat of Fusion (kJ/kg) 416 430
Specific Heat (J/kg–K) 1132 1000
Density (kg/m3) 2070 2230
Total Volume (m3) 50.2 193.7
Total Mass (kg) 1.0 x 105 4.3 x 105
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required (Alefeld, 1977).
In normal operations, the TES block operates in the latent heat region where the energy
stored is given by Equation 3.1. During off–normal operation, the TES block may operate
outside the latent heat region, or in the sensible heat region, where the energy stored is given
by Equation 3.2. The impact of these operating conditions will be considered in Chapter 4
and 5.
3.6.2. Thermal energy storage sizing and single TES block design
A passive molten salt phase change material (PCM)–based thermal energy storage (TES)
system is coupled with the PAHTR. Molten–salts have high melting temperatures that couple
very well with the coolant temperatures produced by the PAHTR. Using a passive molten
salt based TES system simplifies the coupled system. Many small TES blocks are considered
instead of a single large tank to reduce maintenance costs and to maximize the heat transfer
surface area. Using small PCM tubes reduces the challenge posed by the thermal expansion
and contraction of the PCM.
Figure 3.25 presents a schematic of the proposed TES block. The TES system consists of
300 TES blocks; each has an energy storage rating of 0.5 MWd, with a total energy storage
capability of 150 MWd. The primary coolant flow from the PAHTR is distributed equally
to the connected TES blocks. The TES block has an outer diameter of 5.05 meters and a
total height of 5.5 meters (see Figure 3.25). Each TES block has 1135 tubes of LiCl with
an active length of 5 meters, an upper plenum and lower plenum of FLiBe, top and bottom
grids, and it is surrounded by a 10 cm thick sugarcane fiber insulation layer (Ayugi et al.,
2011) that is coated by a highly polished aluminum film.
Figure 3.26 describes the heat exchanger flow channels. FLiBe transfers heat from the
PAHTR to the TES storing media (LiCl). Then, when energy is needed, helium transfers
heat from the TES storage media to the secondary system. As LiCl melts during operation,
gaps will accommodate the extra volume needed by the expanded liquid LiCl (see Figure
3.26).
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Figure 3.25. Schematic of the proposed TES block.
Within each channel in the TES block, FLiBe flows inside a LiCl tube in a channel with
a diameter of 1 cm, surrounded by Inconel 625 cladding with a thickness of 1 mm (see
Figure 3.27). The LiCl tube has a thickness of 4.74 cm with an outer diameter of 10.68
cm (see Figure 3.27). The 1 cm thick Inconel 625 cladding that surrounds the LiCl tube
can withstand the stresses caused by the helium gas operating at a pressure of 10 MPa, as













o − r2i )
. (3.16)
The maximum stress (68.2 MPa) occurs at the inner radius of the outer cladding. The
rupture stress of Inconel 625 at 621 degrees Celsius and 100,000 hours of operation is 207
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Figure 3.26. Vertical cross section view of a single TES tube at the location shown in Figure
3.25.
MPa. Thus, the maximum hoop stress (68.2 MPa) will not exceed one third of the rupture
stress of Inconel 625 (69 MPa).
To determine the heat transfer coefficient between FLiBe and the wall of the inner












)He = 426.1. (3.17b)
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Figure 3.27. Axial cross section view of three PCM tubes in the TES block.
Based on these Reynolds numbers, both flows are laminar (Re < 2300). The Nusselt
number for laminar flow in a cylindrical channel, assuming constant surface heat flux, is 4.36

















Pressure drops across the primary and secondary heat exchanger pipes in the TES blocks
due to friction and gravity were calculated using Equations 3.13 to 3.15. Equation 3.19
determines the pumping power needed to maintain the required mass flow rates in the
primary and secondary loops of the TES system:




(∆Pfriction + ρFLiBegL) = 61.0 kW, (3.19a)




(∆Pfriction + ρHegL) = 28.4 kW. (3.19b)
The calculated heat transfer coefficients from Equation 3.18, along with the dimensions
of the different regions of a single LiCl PCM tube presented in Figure 3.28, are incorporated
in Equation 3.20 to find the thermal resistances and temperature drops for different layers
of the TES tube:
∆Ttot = q̇ ·Rtot, (3.20a)

























Figure 3.29 shows these temperature drops as a function of the latent energy stored in
the TES tube. At 0% latent energy stored, the main contribution to the total temperature
drop across the TES tube comes from the solid LiCl, as the storage material is in a fully solid
state. As the latent energy stored in the TES tube increases by melting the LiCl PCM, the
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Figure 3.28. Cross section views of a single TES tube.
Figure 3.29. Temperature drops across the regions in a TES tube as a function of the fraction
of latent energy stored.
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temperature drop across the solid LiCl decreases and the temperature drop across the liquid
LiCl increases. When the latent heat stored in the TES tube reaches 100% (the LiCl is in a
fully liquid state), the temperature drop across the liquid LiCl dominates. The temperature
drops across the cladding regions, and the temperature drops associated with the convection
of heat from FLiBe molten salt to the LiCl PCM and from the LiCl to the helium gas, are
small (< 1 ◦C across the cladding and < 12 ◦C across the convective boundaries) and remain
essentially constant as the latent energy stored in the TES ranges from 0% to 100%.
3.6.3. Thermal energy storage efficiency and loss rate
The energy loss rate from the TES block is based on the heat conducted through a
10 cm thick sugarcane fiber insulation layer (Ayugi et al., 2011) and then transferred to
the surrounding environment by both convection and radiation through a highly polished
aluminum film coating. Equation 3.21 calculates the energy loss rate in the TES block:

























Figure 3.30 shows the variation in the total energy loss from the TES system as the
TES system temperature increases. Based on Figure 3.30 and an input thermal power of
300 MW, the average thermal efficiency of the TES system is 95.7%. Underground thermal
energy storage can be used to enhance the efficiency of the system and minimize the heat
losses as the temperature of the soil below a depth of 10 meters tends to be constant during
the year (Philippe et al., 2009).
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Figure 3.30. Energy loss from the TES block as a function of the TES system temperature.
3.7. Summary and Conclusions
Coupling a nuclear reactor to large–scale thermal energy storage significantly improves
the viability of the nuclear power plant in an electricity grid containing a significant fraction
of renewable energy sources and enhances the load following characteristics of the nuclear
reactor. A Prismatic–core Advanced High Temperature Reactor (PAHTR) that uses TRISO
particle fuel in prismatic fuel blocks with FLiBe molten salt as its primary coolant is designed
for a five years operating cycle. The PAHTR is coupled with a lithium chloride–based
passive thermal energy storage (TES) system that operates in the latent heat region with
the capability to store 150 MWd of thermal energy. The thermal energy storage system
stores thermal energy during the night for use in the times of peak demand during the day.
The PAHTR is 5.25 meters in height and four meters in diameter and will produce
300 MWth from 19.75 wt% enriched TRISO based UO2 fuel containing 10 metric tons
of heavy metal in an active volume of 64.66 m3. The PAHTR reflector thickness is 100
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cm. The core has a hot clean excess reactivity of $33.70 with a shutdown margin of
-$115.68. The PAHTR has a coolant temperature feedback coefficient of -1.315×10−5 dk/dT
(-$0.002/dT), a fuel temperature feedback coefficient of -1.881×10−5 dk/dT (-$0.006/dT),
and a graphite temperature feedback coefficient of -1.127×10−5 dk/dT (-$0.002/dT). The
hot channel peaking factor is 2.43 at the centermost–edge of the hot assembly that is located
in the centermost–fueled ring of the core. The maximum axial flux peaking factor of 1.68
occurs at a height of 193 cm from the bottom of the PAHTR core. The coolant enters the
core at 620 ◦C and exits the core at 720 ◦C with a total core pressure drop of 112.9 kPa. The
LiCl TES system consists of 300 TES blocks; each has an energy storage rating of 0.5 MWd,
with a total energy storage capability of 150 MWd. The LiCl TES block has a melting
temperature of 610 ◦C, and will usually operate in the latent heat region. Each TES block
consists of 1135 PCM tubes that are surrounded by a 10 cm thick sugarcane fiber insulation
layer, providing an average storage thermal efficiency of 95.7%.
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TRANSIENT SYSTEM MODELING OF A COUPLED PRISMATIC–CORE
ADVANCED HIGH TEMPERATURE REACTOR AND THERMAL ENERGY
STORAGE SYSTEM
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4.1. Abstract
Nuclear power plants usually provide base–load electric power and operate most
economically at a constant power level. In a high–renewable energy grid, nuclear reactors
may be subject to significantly variable power demands. Coupling a nuclear reactor to a
large thermal energy storage (TES) block enhances the load–following capabilities of the
reactor, but the transient behavior of the coupled system must be accounted for in the
design of the reactor and storage system. In the coupled system studied in this chapter, a
Prismatic–core Advanced High Temperature Reactor (PAHTR) that operates at constant
power supplies heat to a TES block which supplies power as needed to a closed brayton cycle
power conversion system. A transient model of the coupled reactor/TES system is developed
to study the behavior of the system in response to varying load demands. The model uses
six–delayed group point kinetics and decay heat models coupled to thermal–hydraulic and
heat transfer models of the reactor and TES system. Based on the transient results, the
preferred TES design consists of 1000 blocks, each containing 11000 LiCl phase change
material tubes.
∗Primary author. †corresponding author: kingjc@mines.edu.
1Nuclear Science and Engineering Program, Department of Metallurgical and Materials Engineering,




Apr heat transfer area of the TES primary heat exchanger (m
2)
Asec heat transfer area of the TES secondary heat exchanger (m
2)
cpc specific heat of FLiBe (J/kg-
◦C)
cpg specific heat of graphite (J/kg-
◦C)
cpHe specific heat of helium gas (J/kg-
◦C)
cpLiCl specific heat of LiCl (J/kg-
◦C)
Ci no. of precursors for each delayed group
D interior diameter of the reactor coolant channel (m)
Dpr diameter of the TES primary heat exchanger coolant pipe (m)
Dsec diameter of the TES secondary heat exchanger coolant pipe (m)
Ej delayed power fraction (MeV/fission-sec)
h heat transfer coefficient in the reactor primary loop (W/m2-K)
hpr heat transfer coefficient of the TES primary heat exchanger (W/m
2-K)
hsec heat transfer coefficient of the TES secondary heat exchanger (W/m
2-K)
Hj delayed power (W)
keff effective multiplication factor (dimensionless)
k
FLiBe
thermal conductivity of FLiBe molten salt (W/m-K)
k
He
thermal conductivity of helium gas (W/m-K)
ki thermal conductivity for non–heated regions of the TRISO particle (W/m-K)
kInconel thermal conductivity of Inconel 625 (W/m-K)
kliquidLiCl thermal conductivity of liquid LiCl (W/m-K)
kPyC thermal conductivity for the TRISO particle pyrolytic carbon region (W/m-K)
ksolidLiCl thermal conductivity of solid LiCl (W/m-K)
kSiC thermal conductivity for the TRISO particle silicon carbide region (W/m-K)
kUO2 thermal conductivity for UO2 in the TRISO particle kernel (W/m-K)
L height of LiCl tube (m)
mc coolant mass inside the reactor piping (kg)
ṁc reactor core coolant flow rate (kg/s)
mpr coolant mass inside the TES primary heat exchanger piping (kg)
ṁpr TES primary coolant flow rate (kg/s)
msec coolant mass inside the TES secondary heat exchanger piping (kg)
ṁsec TES secondary coolant flow rate (kg/s)
mg total mass of the core graphite material (kg)
mstorage mass of LiCl inside the TES block (kg)
Nu nusselt number (dimensionless)
Pc power transferred from core to coolant (W)
Pdecay reactor fuel decay heat (W)
Pdemand expected power demand (W)
Pinst fission power of the reactor (W)
PRx effective reactor thermal power (W)
PRxo power removed from core by coolant (W)
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qTRISO heat generated per TRISO fuel particle (W)
Qc heat remaining in the reactor coolant (W)
Qfission energy per fission of U-235 (MeV/fission)
Qg heat remaining in core graphite material (W)
Qstoragei power transferred from TES primary loop to storage media (W)
Qstorageloss heat loss rate from the TES storage to the surrounding environment (W)
Qstorageo power transferred from the storage media to the TES secondary loop (W)
Qstored stored energy inside the TES (Wth)
riLiCl interior radius of LiCl PCM (m)
rinner inner radius for each non–heated region of the TRISO particle (µm)
ritube radius of the TES primary heat exchanger pipe (m)
rLliCl radius of the moving edge of LiCl (m)
rotube radius of the TES secondary heat exchanger pipe (m)
roLiCl exterior radius of LiCl PCM (m)
router outer radius for each non–heated region of the TRISO particle (µm)
rUO2 radius for TRISO particle kernel (µm)
Re reynolds number (dimensionless)
Ri thermal resistance for non–heated regions of the TRISO particle (
◦C/W)
RTRISO total thermal resistance of the TRISO particle (
◦C/W)
RUO2 thermal resistance for the UO2 kernel region (
◦C/W)
Tc reactor coolant average bulk temperature (
◦C)
Tf reactor fuel average temperature (
◦C)
Tg reactor graphite average bulk temperature (
◦C)
TmeltLiCl melting temperature of LiCl (610
◦C)
Tpr average temperature for the TES primary heat exchanger (
◦C)
Tpri TES primary heat exchanger inlet temperature (
◦C)
Tpro TES primary heat exchanger outlet temperature (
◦C)
TRxi reactor core inlet coolant temperature (
◦C)
TRxo reactor core outlet coolant temperature (
◦C)
Tsec average temperature for the TES secondary heat exchanger (
◦C)
Tseci TES secondary heat exchanger inlet temperature (
◦C)
Tseco TES secondary heat exchanger outlet temperature (
◦C)
Tstorage TES storage temperature (
◦C)
v flow mean velocity (m/sec)
vpr TES primary heat exchanger flow mean velocity (m/sec)
vsec TES secondary heat exchanger flow mean velocity (m/sec)
Vctube volume of the TES primary heat exchanger piping (m
3)
VL volume of the liquid portion of LiCl (m
3)
VLiCl total volume of LiCl inside the TES (m
3)
Greek
αc coolant temperature feedback coefficient (dk/dT)
αf fuel temperature feedback coefficient (dk/dT)
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αg graphite temperature feedback coefficient (dk/dT)
βeff delayed neutron fraction (dimensionless)
βi delayed neutron fraction for each delayed group (dimensionless)
∆Ti temperature difference across non–heated regions of the TRISO particle (
◦C)
∆TTRISO temperature difference across the TRISO particle (
◦C)
∆TUO2 temperature difference across the TRISO particle kernel (
◦C)
λi decay constant for each delayed group (sec
−1)
λj decay constant (sec
−1)
λLiCl heat of fusion of LiCl (J/kg)
Λ mean generation time (sec)
µ
FLiBe
viscosity of FLiBe molten salt (Pa×sec)
µ
He
viscosity of helium gas (Pa×sec)
ρ total reactivity (dk/k)
ρc coolant feedback reactivity (dk/k)
ρf fuel feedback reactivity (dk/k)
ρFB temperature feedback reactivity (dk/k)
ρFLiBe density of FLiBe molten salt (kg/m
3)
ρg graphite feedback reactivity (dk/k)
ρHe density of helium gas (kg/m
3)
ρinserted introduced reactivity to the reactor core ($ or dk/k))
ρLiCl density of LiCl (kg/m
3)
4.2. Introduction
The Prismatic–core Advanced High Temperature Reactor (PAHTR) uses TRISO particle
fuel in prismatic fuel blocks with FLiBe molten salt as the primary reactor coolant and is
designed to have a five–year operating cycle (see Chapter 3). The PAHTR is coupled to a
lithium chloride–based passive thermal energy storage (TES) system that operates in the
latent heat region with the capability to store 150 MWd of thermal energy. Coupling the
nuclear reactor to a thermal energy storage system enhances the load following characteristics
of the nuclear reactor as well as providing additional safety margin in the case of an unplanned
shutdown. The thermal energy storage system stores thermal energy during the night for
use in the times of peak demand during the day (see Chapter 3).
The PAHTR will operate at a constant power level, providing heat to the TES block.
The TES system consists of 300 blocks, each containing 1135 tubes of LiCl (see Chapter
3). The LiCl PCM melts when storing heat from the nuclear reactor, and solidify when
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supplying heat to the secondary system. The TES system will deliver heat as required to
the electric generation subsystem (Brayton cycle), which can be designed to promptly react
to variations in electric power demand (see Chapter 3). Therefore, the PAHTR operates at
an optimal constant power level, buffered from varying demands by the TES system (see
Chapter 3).
This paper examines the transient behavior of the coupled PAHTR–TES system. It
describes the kinetics, thermal–hydraulics and the decay heating modules of the PAHTR
model along with the TES block thermal–hydraulics module. Several expected operating
scenarios are considered to study the transient behavior of the coupled system.
4.3. Background
Figure 4.1 illustrates the coupled Nuclear Reactor–Thermal Energy Storage (RX–TES)
system considered in this paper. A 300 MWth Prismatic–core Advanced High Temperature
Reactor (PAHTR) provides power to a lithium chloride (LiCl) latent–heat TES system. The
LiCl TES system is coupled to a Closed Brayton Cycle (CBC) power conversion system
which can rapidly respond to changes in electric load demand.
Figure 4.1. Coupled nuclear reactor thermal energy storage system block diagram.
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The PAHTR, shown in Figure 4.2, is 5.25 meters in height and 4.0 meters in diameter
and will produce 300 MWth from 10 metric tons of 19.75 wt% enriched TRISO based UO2
fuel in an active volume of 64.66 m3 (see Chapter 3). Table 4.1 presents the major neutronics
and thermal–hydraulics parameters of the PAHTR. The LiCl TES system contains 300 TES
blocks; each has an energy storage rating of 0.5 MWd, with a total energy storage capability
of 150 MWd. Each TES block consists of 1135 tubes of LiCl which store energy via the
freezing and thawing of the storage salt (see Figure 4.3) (see Chapter 3). Figure 4.4 details
the heat exchanger flow paths in the TES block. Figure 4.5 shows an axial cross section
view of three TES tubes (see Chapter 3). FLiBe transfers heat from the PAHTR to the
TES storing media (LiCl) melting a portion of the salt. Then when energy is needed, helium
transfers heat from TES storing media to the secondary system. The melting temperature
of LiCl is 610 ◦C and the TES system will usually operate in the latent heat region.
The time–dependent kinetics model of the PAHTR in this paper uses the six–delayed
group approximation with negative reactivity feedback coefficients calculated for the PAHTR
(see Chapter 3) to simulate the kinetics of the reactor. The next section describes the reactor
kinetics, decay heat, and thermal hydraulics models, and the TES heat transfer models,
which are implemented in Simulink to form a transient model of the coupled system.
4.4. Transient System Model Description
A transient simulation of the coupled Prismatic–core Advanced High Temperature
Reactor (PAHTR)–Thermal Energy Storage (TES) system demonstrates the potential
benefits of proposed system. In this simulation, the thermal power generated by the nuclear
reactor will either be stored in the latent heat TES block or passed to the electric generators
through the heat exchangers in the TES block. The transient model of the coupled system
will help in tuning the design parameters of the coupled system, which includes optimizing
the TES system design to enhance the load–following characteristics of the PAHTR.
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Figure 4.2. Cross section views of the PAHTR core.
Table 4.1. PAHTR neutronics and thermal–hydraulics parameters.
Reflector thickness 100 cm
Hot clean excess reactivity $33.70
Hot end-of-cycle excess reactivity $5.32
Shutdown reactivity -$115.68
Coolant temperature feedback coefficient -1.315×10−5 dk/dT or -$0.002/dT
Fuel temperature feedback coefficient -3.881×10−5 dk/dT or -$0.006/dT
Graphite temperature feedback coefficient -1.127×10−5 dk/dT or -$0.002/dT
Hot channel peaking factor 2.43
Maximum axial flux peaking factor 1.68 at 193 cm above the core bottom
Inlet temperature 620 ◦C
Outlet temperature 720 ◦C
Core temperature rise 100 ◦C
Total pressure drop across the core 112.9 kPa
Figure 4.3. Schematic of a single proposed TES block.
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Figure 4.4. Vertical cross section view of a single TES tube at the location shwon in Figure
4.3.
For each part of the coupled system, a mathematical model represents the physical
phenomena governing that part of the system. Simulink represents these mathematical
models graphically as subsystems consisting of block diagrams (see Figure 4.6). The Simulink
ode23s solver, using a modified Rosenbrock formula of the second order, solves the transient
simulation equations as a function of time (The MathWorks, Inc., 2014). This solver is
effective in solving stiff differential equations that may have rapid variation in the solution,
such as the six–delayed group point kinetics differential equation in the reactor kinetics
model. The mathematical sub–models of the transient system simulation, described in the
next subsection, consist of Simulink models for reactor kinetics, reactor thermal–hydraulics,
reactor decay heating and thermal storage heat transfer.
89
Figure 4.5. Axial cross section view of three tubes in the LiCl TES system.
Figure 4.6. Simulink main block diagram of the coupled system.
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4.4.1. Reactor Kinetics Module
The six–delayed group point kinetics model simulates the transient behavior of the reactor
in response to changes in external reactivity and temperature (Upadhyaya et al., 2007). The
delayed neutrons, produced from the decay of neutron–emitting fission products, have an
important role in controlling the nuclear reactor, even though their percentage is less than
1% (Lewis, 2008). The fraction of delayed neutrons is referred to as the delayed neutron
fraction, which can be accurately represented by six groups of neutron precursors. Table 4.2
lists the reactor kinetics parameters used in the reactor kinetics module. The delayed neutron
fractions, decay constants and prompt generation time were calculated by a SERPENT
(Leppänen, 2013) model of the reactor (see Chapter 3). This module calculates the power
generated by the fission reactions inside the reactor core based on the following governing
















At steady state, if the initial condition for the fission power is assumed to be a specific
power (300 MW in the PAHTR), the initial value for the precursors of each delayed group
Table 4.2. Reactor kinetics parameters calculated for the PAHTR.








Prompt generation time (sec) 4.085×10−4
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Temperature reactivity feedback coefficients are incorporated into the point kinetics
module to account for the effect of fuel, graphite, and coolant temperatures. These coefficients
are implemented in the model using the difference between region temperature and an initial
temperature of 800 K. Therefore, the total reactivity is calculated as:
ρ(t) = ρinserted(t) + ρFB(t), (4.3a)
ρFB(t) = ρc(t) + ρf (t) + ρg(t), (4.3b)
ρc(t) = αc (Tc(t)− 800 K) , (4.3c)
ρf (t) = αf (Tf (t)− 800 K) , (4.3d)
ρg(t) = αg (Tg(t)− 800 K) . (4.3e)
Figure 4.7 shows the PAHTR reactor kinetics module, (Equations 4.1, 4.2 and 4.3),
including the fission power, the six precursors and the reactivity calculation subsystems.
4.4.2. Reactor Decay Heat Module
In simulating nuclear reactor operation in normal and off–normal conditions, it is very
important to consider the thermal power generated after reactor shutdown, referred to as the
decay heat. A nuclear reactor will lose the majority of its fission power immediately after
shutdown; but, there will be some heat generated from the fission products and some heavy
nuclides. To prevent any overheating or damage to the reactor fuel, the cooling systems
should insure the removal of the decay heat (Tobias, 1980).
There are several sources for the decay heat including heavy elements or actinides,
fission products, structural and cladding materials, delayed neutron–induced fission, and
reactions induced by spontaneous fission neutrons. The main source for the decay heat is
the radioactive decay of the actinides and the fission products through either beta or gamma
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Figure 4.7. Simulink block diagram of the PAHTR reactor kinetics module.
decay (Tobias, 1980). Figure 4.8 shows the decay heat power ratio for pure uranium fuel for
several operating periods (Ragheb, 2011).
The decay-heating module tracks the decay heat produced by the reactor during operation
and after shutdown. The decay heat is calculated using 23 delayed power groups for
uranium-235 based on the 1979 ANS decay heat standard (Johnson et al., 2010; Schrock,
1979). The decay heat is added to the instantaneous power predicted by the reactor kinetics











PRx(t) = Pinst(t) + Pdecay(t). (4.4c)
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Figure 4.8. Decay heat power ratio for uranium-235 fuel as a function of time after shutdown
(Ragheb, 2011).
Figure 4.9 shows the graphical representation of the decay heat module in Simulink. The
decay heat model consists of the 23 delayed power group subsystems in which each individual
decay heat subsystem calculates the decay heat term and the delayed portion of the reactor
power in that delayed power group (see Figure 4.9).
4.4.3. Reactor Thermal–Hydraulics Module
The reactor thermal–hydraulic module calculates the average core graphite, coolant,
and fuel temperatures based on heat balance equations (Upadhyaya et al., 2007). The
average core graphite temperature is estimated based on the difference between the thermal
power predicted by the reactor kinetics module and the heat removed from the graphite core
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Figure 4.9. Simulink block diagram of the PAHTR decay heating module.







Qg(t) = PRx(t)− Pc(t), (4.5b)
Pc(t) = (Tg(t)− Tc(t)) (hA)g→c. (4.5c)
To calculate the heat transfer coefficient between the bulk coolant and the wall of the
























Based on this Reynolds number, the flow is laminar (Re < 2300). The Nusselt number for
laminar flow in a cylindrical channel, assuming constant surface heat flux, is 4.36 (Todreas









The average coolant temperature is calculated from the difference between the heat
transferred from the core graphite material to the coolant and the heat taken out of the







Qc(t) = Pc(t)− PRxo(t), (4.8b)
PRxo(t) = ṁccpc (TRxo(t)− TRxi(t)) . (4.8c)
The reactor core outlet coolant temperature is calculated based on the approximation
that the average reactor coolant temperature equals the average between reactor core outlet




→ TRxo(t) = 2Tc(t)− TRxi(t). (4.9)
Figure 4.10 shows the 1-D TRISO fuel configuration used in the PAHTR. The central
fuel kernel (19.75 wt% enriched UO2 with an outer diameter of 430 µm) is surrounded by a
porous carbon buffer layer (85 µm thick). An inner pyrolytic carbon (IPyC) layer (35 µm
thick) surrounds the porous carbon layer and is coated with silicon carbide (SiC) (35 µm
thick). Finally, the outer pyrolytic carbon (OPyC) layer (40 µm thick) protects the SiC
layer (see Chapter 3). The fuel temperature is determined by the one dimensional spherical
steady–state heat conduction equation with constant volumetric heat generation (Ortensi













Assuming ϕ = dT
dr
, and solving Equation 4.10 by using an integrating factor, the solution is:
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To solve for the temperature as function of radius, Equation 4.11 is integrated to get the
general solution shown in Equation 4.12:











is applied to Equation 4.12 to obtain a specific solution. Equation 4.13a estimates the





. Thus, the thermal
















is applied to the general solution shown in Equation 4.12. Equation 4.14a estimates the
temperature difference within the non–heated regions. Thus, the thermal resistance of the









Equation 4.15 calculates the total temperature difference across the TRISO particle:
∆TTRISO(t) = qTRISO(t)×RTRISO. (4.15)
As this calculation is based on the average core graphite temperature, the fuel temperature
is estimated as the sum of the total temperature difference across the TRISO particle and
the average core graphite temperature (see Equation 4.16):
Tf (t) = ∆TTRISO(t) + Tg(t). (4.16)
Table 4.3 lists the radii of the different layers used in the TRISO particle temperature
calculations. The thermal conductivities of the TRISO particle materials are implemented
as function of the average core graphite temperature. For simplicity, the radiation damage
and burn–up factors are neglected in this calculation. Equation 4.17 calculates the thermal
conductivity of the fuel kernel (Ortensi and Ougouag, 2009):
Table 4.3. TRISO particle dimensions.












































L(T ) = L(273 K)(0.99672 + 1.179× 10−5T − 2.429× 10−9T 2 + 1.219× 10−12T 3). (4.17c)
Equation 4.18 calculates the thermal conductivity of the pyrolytic and porous carbon












The density of the pyrolytic and porous carbon layers is 1.9 g/cm3 and 0.97 g/cm3,














Figure 4.11 shows the Simulink block diagram of the PAHTR thermal–hydraulics module
(Equations 4.5 to 4.19). This subsystem takes the heat provided by the reactor kinetics
module and supplies heat to the TES module. Based on the residual heat in the reactor, the
PAHTR fuel, graphite and coolant temperatures will increase, decrease or stay at constant
levels.
4.4.4. Thermal Energy Storage Module
A passive molten salt phase change material (PCM) based thermal energy storage (TES)
system is coupled with the PAHTR. Molten salts have high melting temperatures that couple
very well with the high–temperature FLiBe coolant used by the PAHTR. The TES system
99
Figure 4.11. Simulink block diagram of the PAHTR thermal-hydraulics module.
consists of many smaller blocks (instead of a single large tank) to reduce maintenance costs
and to maximize the heat transfer surface area. Using small PCM tubes also reduces the
challenge posed by the thermal expansion and contraction of the PCM. Initially, the TES
system is sized to store up to 150 MWd (1.3×1013 J) of thermal energy as latent heat in 300
TES blocks. Each TES block consists of 1135 tubes of LiCl phase change material with a
total energy storage rating of 0.5 MWd for each block. The PAHTR’s primary coolant flow
is distributed equally to the connected TES blocks.
The thermal energy storage module calculates the temperatures of the primary heat
exchanger, secondary heat exchanger, and the energy storage material. The temperature of
100
the LiCl thermal storage material operating in the latent heat region is nearly constant at
the melting temperature of the storage material (610 ◦C). Above or below this operating
region, the bulk storage temperature will vary as shown in Figure 4.12. In the sensible heat







To determine the operating region of the TES block, the liquid volume fraction is
calculated and tracked as heat is accumulated or removed from the TES block along with
the total energy stored in the storing media. If the liquid volume fraction is between 0 and
1, the system is operating in the latent heat region; otherwise, if the liquid volume fraction








Qstored(t) = Qstoragei(t)−Qstorageo(t)−Qstorageloss(t). (4.21b)
So if (0< VL
VLiCl





=1), the thermal storage is in the sensible heat region.
Figure 4.12. Temperature of a latent heat storage system as a function of stored heat.
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The location of the moving edge of the liquid portion of the LiCl is important in
calculating the thermal resistances of the liquid and solid portions of the LiCl. To predict
the location of the moving edge, the liquid volume of LiCl is assumed to have a cylindrical





+ r2iLiCl . (4.22)
After determining the moving edge radius, the storage media temperature at the solid–
liquid interface assumed to be constant at the melting point of LiCl (610 ◦C). Then, thermal
resistances for the liquid and solid portions of the LiCl are calculated and incorporated
into Equations 4.23 and 4.24 to calculate the heat transfer to and from the storage media.
Convection in the liquid portin of the LiCl is neglected as the long, thin tubes will inhibit the
development of convective cells. The heat stored in the LiCl is calculated as the difference
between the heat transferred from the primary loop to the storage media and the sum of
the heat loss from the storage media to the outside environment and the heat transferred to
the secondary loop (see Equation 4.21b). Equation 4.23 calculates the heat transferred from
Figure 4.13. Cross section views of a single TES tube.
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Equation 4.24 determines the heat transferred from the storage media to the secondary
































The primary inlet temperature is assumed to be equal to the reactor outlet
temperature (see Figure 4.14), and the primary outlet temperature is calculated as shown
in Equation 4.26:
Tpro(t) = 2Tpr(t)− Tpri(t). (4.26)
Figure 4.14. Temperature state points in the coupled system.
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The density of the FLiBe coolant varies with temperature (see Equation 4.27a) and the
mass of the coolant inside the tube is calculated as shown in Equation 4.27b (Sohal et al.,
2010):





2518.0− 0.406 T (K); T < 973 K
2763.7− 0.687 T (K); T > 973 K
. (4.27b)











= 0.629697 + 0.0005 · T (K). (4.28b)
The specific heat of FLiBe (2415.78 J/kg-K) is assumed to be constant at all temperatures
(Sohal et al., 2010). To calculate the heat transfer coefficient between the primary bulk























Based on Equation 4.29 (Re << 2300), the flow is laminar and is a long way from
turbulent flow even if the mass flow rate increased by a magnitude difference. The Nusselt
number for laminar flow in a cylindrical channel, assuming constant surface heat flux, is 4.36
















The secondary outlet temperature is calculated as:
Tseco(t) = 2Tsec(t)− Tseci(t). (4.32)
The secondary inlet temperature is provided by the secondary system (see Figure 4.14).
For simplicity, it is calculated based on the demand power so that inlet temperature from





For a supercritical helium coolant at 10 MPa and 600 ◦C, the density, viscosity, thermal
conductivity and specific heat are 5.442 Kg/m3, 4.205×10−5 Pa.s, 0.333 W/m-K and 5187.6
J/kg-K, respectively (Linstrom and Mallard, 2001). The mass of the coolant inside the
secondary piping is calculated by multiplying the density of the coolant by the total volume
of the secondary piping. The Reynolds number for the helium coolant in the secondary






















= 423.81 < 2300. (4.34)
Thus, flow is laminar with a Nusselt number of 4.36 (Todreas and Kazimi, 2010). The








The heat loss rate from the TES blocks are calculated based on the conducted heat
through the insulation walls of the TES block and the then transferred to the environment
by both convection and radiation. The equation covering the calculation of the heat loss
are described in Chapter 3 (Section 3.6.3). Equation 4.36 is the linear regression line of the
TES heat loss results presented in Chapter 3 which calculates the heat loss from the storage
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media to the surrounding environment as a function of the storage temperature:
Qstorageloss(t) = [0.022 · Tstorage(K)− 6.9566]× 10
6. (4.36)
Figure 4.15 displays the Simulink block diagram for the set of equations (Equations 4.25
to 4.36) representing the TES system. This module takes the heat provided from the PAHTR
thermal–hydraulics module and supplies heat to the power demand block. The TES module
tracks the liquid fraction of LiCl inside the TES PCM tubes and determines the region of
operation (either latent or sensible heat).
The modules for the different parts of the coupled PAHTR–TES system model are
connected in Simulink. This model is used to simulate the transient behavior of the coupled
system through the charging and discharging stages of the thermal energy storage blocks.
The next section discusses the transient model results, including initial model results, TES
design improvements based on optimizing the PCM thickness in the TES tubes, and the
normal operation of the coupled system in response to varying power demands.
Figure 4.15. Simulink block diagram of the TES module.
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4.5. Transient Model Results
The transient model of the coupled PAHTR–TES system, developed and implemented
in Simulink, simulates the effects of coupling a nuclear reactor to large–scale thermal energy
storage and demonstrates the load–following features of the PAHTR. In this section, the
initial TES design, consisting of 300 TES blocks, each having 1135 PCM tubes, is considered
during the load–following operation. The TES system is then redesigned, leading to better
load–following characteristics. With the optimized TES design, the coupled system model
simulates normal operations to demonstrate the safety and workability of the coupled system
in response to a typical daily demand curve.
4.5.1. Initial Results
The transient model of the coupled PAHTR–TES system is tested with the power demand
curve shown in Figure 4.16a, to examine the effects of coupling a large thermal storage
system to the PAHTR to provide a load–following operation mode. In an ideal case scenario,
the reactor thermal power, and the reactor fuel and coolant temperatures, should remain
constant throughout the operation of the nuclear power plant with a variable demand curve
as long as the TES is operating in the latent heat region. Thus, the PAHTR is buffered from
the varying demand curve by the TES system. In this subsection, the TES system consists
of 300 TES blocks each having 1135 PCM tubes.
To fully test the load following feature of the coupled system, the system is simulated
such that the PCM material in the TES blocks changes from fully solid to fully liquid during
operation. The simulation starts with zero power demand (representing a charging stage)
(see Figure 4.16a). In this stage the TES system absorbs heat from the PAHTR and stores
it as latent heat in the LiCl PCM. As the TES system is charging, the LiCl melts and the
moving edge of the LiCl, described in Figure 4.13, is migrating outward from the primary
heat exchanger piping wall. At the moving edge, the temperature is always the melting point
temperature of LiCl. Due to the difference in thermal conductivities of the solid and liquid
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a. Thermal power transients.
b. Temperature transients.
Figure 4.16. Normal operation of the coupled system for the initial TES design (Design A
in Table 4.4).
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LiCl, the bulk temperature of the primary loop coolant (FLiBe) increases as the moving
edge migrates further from the primary pipe wall, until it reaches 695 ◦C when the LiCl
PCM is totally melted (see Figures 4.16b). As the FLiBe temperature increases, the reactor
thermal power decreases significantly from the strong negative temperature feedback of the
PAHTR, and the reactor fuel temperature starts to decrease (see Figures 4.16a and 4.16b).
The charging stage continues until the LiCl PCM is totally melted after 21 hours (see Figures
4.16a and 4.16b). During the charging condition, the PAHTR thermal power decreases from
300 MWth to 170 MWth. Figure 4.16b shows that the lowest reactor fuel temperature during
this stage is 825 ◦C.
After 21 hours of charging, the power demand increases to 150% of the thermal power
rating for the PAHTR (450 MWth) (see Figure 4.16a). Now, the TES system is supplying
more heat to the secondary system than is provided by the PAHTR (corresponding to a
discharging stage). The mechanism in the discharging stage is the reverse of that in the
charging stage, so that the moving edge of the LiCl is migrating toward the wall of FLiBe
channel. During discharging, the LiCl PCM starts solidifying, the FLiBe bulk temperature
decreases and the reactor fuel temperature increases (see Figure 4.16b). It takes around 13
hours for the LiCl to completely solidify. After complete discharging, the PAHTR thermal
power increases again to 300 MWth.
The calculated thermal power of the PAHTR in this coupled system is far from constant,
and varies from 300 MWth to 170 MWth during load–following operation. This implies that
the TES design needs improvement to reduce the temperature differences between the PCM
and coolant temperatures. In the following section, the TES system design is iterated and
tested to improve the load–following operation of the coupled PAHTR–TES system.
4.5.2. TES Design Improvement
Based on the initial simulation results, the TES block shown in Figure 4.3 was redesigned
to increase the heat transfer area and decrease the PCM thickness. As the PCM thickness
decreases, the variance in the bulk coolant temperature in the primary loop of the TES
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block operating in the latent heat region will decrease. Thus, the reactor fuel temperature
and the reactor thermal power will tend to become more stable. Several iterations of the
dimensions of the TES block determined the optimal PCM thickness. Table 4.4 lists the
main parameters of the iterated TES designs. By increasing the total number of LiCl PCM
tubes, the PCM thickness decreases from 4.74 cm in the initial design (Design A), to 0.51
cm in Design D (see Table 4.4). In each case, only the PCM thickness is altered; the other
dimensions (see Figure 4.5) remain the same.
Using TES Design B, the transient behavior of the coupled system was calculated based
on the demand curve shown in Figure 4.17a. In this case, the PAHTR thermal power
varies from 300 MWth when the LiCl is totally solid, to 232 MWth when the LiCl is totally
melted after 16 hours of charging (see Figure 4.17a). During charging, the coolant bulk
temperature increases to 605 ◦C and the reactor fuel temperature decreases to 815 ◦C as
shown in Figure 4.17b. In this scenario, the variabilities of the reactor thermal power, and
of the reactor coolant and fuel temperatures are less than those of the initial TES design
(Case A); however, the reactor thermal power is still far from constant (see Figure 4.17a).
The third TES design shown in Table 4.4 (Design C), has 600 TES blocks with each
block containing 5500 LiCl PCM tubes. The demand curve shown in Figure 4.18a drives
the transients of the coupled PAHTR–TES system in this case. After 13 hours of operation,
the LiCl is fully melted, and the coolant and fuel temperatures are 620 ◦C and 820 ◦C,
respectively (see Figures 4.18b and 4.18a). In this scenario, the PAHTR thermal power
decreases from 300 MWth to 288 MWth, which corresponds to a 4% reduction from the
thermal power rating of the reactor (see Figure 4.18a).
Table 4.4. Different TES block designs.







A 300 1135 4.74 5.1 89.5
B 300 2500 3.02 5.6 89.5
C 600 5500 1.21 4.2 89.5
D 1000 11000 0.51 3.7 89.6
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a. Thermal power transients.
b. Temperature transients.
Figure 4.17. Normal operation of the coupled system for TES Design B.
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a. Thermal power transients.
b. Temperature transients.
Figure 4.18. Normal operation of the coupled system for TES Design C.
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The last TES system design mentioned in Table 4.4 (Design D) consists of 1000 TES
blocks with each block having 11000 LiCl PCM tubes. The transients of the coupled
PAHTR–TES system incorporating TES Design D are examined with the demand curve
shown in Figure 4.19a. The PCM material is totally melted after 13 hours in the charging
stage. At this point the PAHTR thermal power has decreased to 298 MWth from the initial
state of 300 MWth (see Figure 4.19a). The variance in the coolant bulk and reactor fuel
temperatures during the LiCl PCM melting is less than one degree Celsius, as shown in
Figure 4.19b. After 13 hours the power demand jumps to 450 MWth and the TES starts
discharging heat to the secondary system while the LiCl solidifying. It takes 20 hours to
fully discharge the TES blocks (see Figures 4.19a and 4.19b).
TES block Design D is preferred among the four TES designs as the reactor thermal power
using this design varies by less than 1% (see Figure 4.19a) as the latent energy content of
the TES system varies from zero stored latent energy to fully stored latent energy. The next
section compares the four TES designs, along with a case without any energy storage, using
an expected daily power demand curve.
4.5.3. Anticipated Daily Operation of the Coupled System
A test of the coupled PAHTR–TES system with a realistic consumer power demand
profile is important to demonstrate the viability and safety of the coupled system. The
transient model of the coupled PAHTR–TES system is simulated with the expected daily
demand curve shown in Figure 4.20. This demand curve is used to demonstrate the load–
following capability of the coupled system using the four mentioned TES designs in Table
4.4, along with a case without any energy storage.
The TES system begins the night, with a 25% liquid fraction, corresponding to 37.5
MWd of stored energy. Starting at 9 pm, the TES system is absorbing more heat from the
PAHTR than it provides to the secondary system, as the power demand is 50 MWth which
is less than the PAHTR nominal operating thermal power of 300 MWth. During this stage,
the LiCl PCM starts melting and the latent energy content inside the TES system increases
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a. Thermal power transients.
b. Temperature transients.
Figure 4.19. Normal operation of the coupled system for TES Design D.
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Figure 4.20. Expected daily power demand curve for the proposed system.
(see Figure 4.21). After 10 hours of charging, the power demand rises and fluctuates above
the reactor’s nominal thermal power for the remainder of the day (see Figure 4.20). During
this period of time, the TES system supplies excess heat to the secondary system and the
LiCl PCM starts solidifying (see Figure 4.21).
Figure 4.21 shows the LiCl liquid fractions for the four cases that incorporate TES system
over 24 hours of operation with the demand curve shown in Figure 4.20. During this time
period, Designs C and D operate only in the latent heat region with LiCl liquid fraction above
zero and below one (see Figure 4.21). Designs A and B operate in the sensible heat region
after 17.5 hours and 22 hours of operation, respectively, corresponding to a fully solid state
(see Figure 4.21). Thus, the coolant bulk temperatures in Design A and B drop faster when
operating in the sensible heat region (see Figure 4.22). This leads to a sudden increase in
the reactor thermal power and fuel temperature for these two designs after the LiCl reaches
fully solid condition (see Figures 4.23 and 4.24).
Figure 4.23 shows that even with the Design A TES system, the coupled system is better
at responding to the change in power demand than without any energy storage; however,
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Figure 4.21. LiCl liquid volume fractions and power demand curve as a function of time
during normal operation for the four TES designs.
Figure 4.22. Reactor coolant temperature as a function of time for the four TES designs and
with no TES.
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Figure 4.23. Reactor thermal power as a function of time for the four TES designs and with
no TES.
Figure 4.24. Reactor fuel temperature as a function of time for the four TES designs and
with no TES.
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the reactor thermal power is still significantly varying. With the Design D TES system, the
reactor thermal power is nearly constant through the day with full load–following operation.
The Design D TES block (1000 units each with 11000 LiCl PCM tubes) is the preferred
TES design. The next chapter will consider a range of off–normal and accident scenarios for
a PAHTR coupled to a Design D TES system.
4.6. Summary and Conclusions
Coupling a nuclear reactor to a thermal energy storage block enhances the load following
characteristics of the nuclear reactor. A transient system model of a prismatic–advanced
high temperature reactor (PAHTR) coupled to a phase change material (PCM) thermal
energy storage (TES) system demonstrates the operating characteristics of this system.
Reactor kinetics, reactor decay heating and thermal–hydraulics modules for the PAHTR
are implemented in Simulink along a thermal energy storage heat transfer module.
The reactor kinetics module uses the six–delayed group point kinetics approximation to
simulate the transient behavior of the reactor in response to changes in external reactivity
and temperatures. The decay heating module tracks the decay heat produced by the reactor
during operation and after shutdown. The reactor thermal–hydraulics module calculates the
average core graphite, coolant, and fuel temperatures based on heat balance equations. The
thermal energy storage module calculates the temperatures of the primary heat exchanger,
secondary heat exchanger, and the energy storage material.
Four TES designs, along with the case when there is no energy storage in the system, are
compared to determine the preferred configuration for the TES blocks to allow the coupled
system to operate in a load–following mode without varying the reactor thermal power, based
on an expected daily power demand curve. The transient results show that even with the
initial, non–optimal, TES design, the coupled system is better responding to changes in power
demand than the system without any energy storage. Better load–following characteristics
can be attained by using thinner PCM regions in the TES blocks. The preferred TES
configuration consists of 1000 units, each having 11000 PCM tubes, containing 2.84 kg of
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LiCl. By incorporating this TES design into the coupled PAHTR–TES system, the reactor
thermal power remains nearly constant (within 1% of the PAHTR thermal power rating)
during load–following operation.
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CHAPTER 5
SAFETY ASSESSMENT OF THE COUPLED PRISMATIC–CORE ADVANCED HIGH
TEMPERATURE REACTOR AND THERMAL ENERGY STORAGE SYSTEM
Paper to be submitted to Progress in Nuclear Energy.
Saeed A. Alameri∗,1, Jeffrey C. King†,1
5.1. Abstract
Coupling a nuclear reactor to a well–designed thermal energy storage system allows the
reactor to better respond to variable power demands. This enhances the effective capacity
factor of the nuclear plant in a high–renewable energy grid. For any new system design, it
is important to study the safety aspects of the system in normal and off–normal operation
conditions. For the coupled Prismatic–core Advanced High Temperature Reactor–Thermal
Energy Storage (PAHTR–TES) system presented in this paper, a safety assessment of major
reactor events demonstrates the inherent safety of the coupled system. The loss of forced
circulation study determined the minimum required air convection heat removal rate from
the reactor core, and the lowest possible reduced primary flow rate that can maintain the
reactor in a safe condition. The loss of ultimate heat sink study demonstrated the ability
of the TES to absorb the decay heat of the reactor fuel while cooling the PAHTR after an
emergency shutdown. The TES subsystem can also keep the PAHTR coolant, graphite and
fuel temperatures constant for a relatively long period of time, leading to an improved ability
to restart the reactor. The simulated reactivity insertion accident assessment determined
the maximum allowable reactivity insertion to the PAHTR with several shutdown response
times.
∗Primary author. †corresponding author: kingjc@mines.edu.
1Nuclear Science and Engineering Program, Department of Metallurgical and Materials Engineering,




cpc specific heat of FLiBe (J/kg-
◦C)
cpg specific heat of graphite (J/kg-
◦C)
Ci no. of precursors for each delayed group
Ej delayed power fraction (MeV/fission-sec)
h heat transfer coefficient (W/m2-K)
Hj delayed power (W)
L height of LiCl tube (m)
mc coolant mass inside the reactor piping (kg)
ṁc reactor core coolant flow rate (kg/s)
mg total mass of the core graphite material (kg)
Pdecay reactor fuel decay heat (W)
Pinst fission power of the reactor (W)
PRx effective reactor thermal power (W)
PFaxial axial peaking factor of the PAHTR (dimensionless)
PFhot channel hot channel factor of PAHTR (dimensionless)
qTRISO heat generated per TRISO fuel particle (W)
Qc heat remaining in the reactor coolant (W)
Qfission energy per fission of U-235 (MeV/fission)
Qg heat remaining in core graphite material (W)
QRV AC air convection heat removal (W)
Qstoragei power transferred from TES primary loop to storage media (W)
Qstorageloss heat loss rate from the TES storage to the environment (W)
Qstorageo power transferred from the storage media to TES secondary loop (W)
Qstored stored energy inside the TES (Wth)
riLiCl interior radius of LiCl PCM (m)
rLliCl radius of the moving edge of LiCl (m)
RTRISO total thermal resistance of the TRISO particle (
◦C/W)
Tc reactor coolant average bulk temperature (
◦C)
Tf reactor fuel average temperature (
◦C)
Tg reactor graphite average bulk temperature (
◦C)
TRxi reactor core inlet coolant temperature (
◦C)
TRxo reactor core outlet coolant temperature (
◦C)
VL volume of the liquid portion of LiCl (m
3)
Greek
βeff delayed neutron fraction (dimensionless)
βi delayed neutron fraction for each delayed group (dimensionless)
∆TTRISO temperature difference across the TRISO particle (
◦C)
λi decay constant for each delayed group (sec
−1)
λj decay constant (sec
−1)
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λLiCl heat of fusion of LiCl (J/kg)
Λ mean generation time (sec)
ρ total reactivity (dk/k)
ρLiCl density of LiCl (kg/m
3)
5.2. Introduction
Nuclear power plants operate most efficiently at a constant power level and usually
provide base load power to the electric grid (Denholm et al., 2012; Sato et al., 2012).
However, the power demand profile always varies over day and night operating cycles. As
a result, load–following is an important factor in power plant operation, especially when an
electric grid includes highly variable renewable energy sources (Denholm et al., 2012). In an
electric grid containing a large fraction of variable generation rate power sources, the load
demands on baseload energy sources such as nuclear power plants will be highly variable
(Denholm et al., 2012). This will place significant stress on future nuclear plants, as these
systems are generally designed to operate at a constant power level. Additionally, variable
power demands may result in a significant amount of curtailment, which is particularly
disadvantageous to the economics of high capital cost power sources such as nuclear (Denholm
et al., 2012).
Coupling a nuclear reactor to large–scale thermal energy storage can significantly improve
the viability of the nuclear power plant in an electricity grid containing a significant fraction
of renewable energy sources. The nuclear reactor will operate at a constant power level,
supplying heat to the thermal energy storage (TES) block. The TES block will provide heat
as needed to the electric generation subsystem, which can be designed to rapidly respond to
changes in electric power demand (see Chapter 3, Section 3.3.1). Thus, the nuclear reactor
is allowed to operate at an optimal constant power level, buffered from changing demands by
the TES block. Figure 5.1 illustrates the coupled Nuclear Reactor–Thermal Energy Storage
(RX–TES) system considered in this paper. A 300 MWth Prismatic–core Advanced High
Temperature Reactor (PAHTR) provides power to a lithium chloride (LiCl) latent–heat TES
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system (see Chapter 3, Section 3.4.1). The LiCl TES system is coupled to a Closed Brayton
Cycle (CBC) power conversion system which can rapidly respond to changes in electric load
demand.
An accident scenario assessment for the coupled PAHTR–TES system will demonstrate
how coupling large–scale thermal storage to a nuclear reactor will impact the safety of the
plant. During an accident, emergency systems should be able to maintain the reactor
temperatures within the required safety limits. The TES can be designed to operate the
nuclear reactor emergency cooling systems by providing the required heat for back–up
emergency cooling steam pumps. However, coupling large–scale thermal storage to the
reactor could also have negative impacts, such as the possibility of heating the shutdown
reactor from a fully charged TES (Denholm et al., 2012). A safety assessment is important
to demonstrate the inherent safety of the coupled system. The assessment presented in
this chapter considers the behavior of the cooling systems of the PAHTR during important
nuclear reactor accident scenarios such as: loss of forced circulation (LOFC), loss of ultimate
heat sink (LUHS), and reactivity insertion accidents (RIAs).
Figure 5.1. Coupled nuclear reactor thermal energy storage system block diagram.
124
5.3. The Coupled Reactor–Thermal Energy Storage System
The Prismatic–core Advanced High Temperature Reactor (PAHTR) (see Figure 5.2) uses
TRISO particle fuel in prismatic fuel blocks with FLiBe molten salt as its primary coolant
and is designed to have a five year operating cycle (see Chapter 3, Section 3.4.2). The
PAHTR shown in Figure 5.2 is 5.25 meters in height and 4.0 meters in diameter and can
produce 300 MWth from 10 metric tons of 19.75 wt% enriched TRISO based UO2 fuel in
an active volume of 64.66 m3 (see Chapter 3, Section 3.4.2). Table 5.1 shows the major
neutronics and thermal–hydraulics parameters of the PAHTR.
The PAHTR is coupled with a lithium chloride–based passive thermal energy storage
(TES) system (see Figure 5.3) that operates in the latent heat region with the capability
to store 150 MWd of thermal energy. The TES system stores thermal energy during the
night for use in the times of peak demand during the day (see Chapter 3, Section 3.4.3). The
melting temperature of LiCl is 610 ◦C and the TES system usually operates in the latent heat
region. FLiBe transfers heat from the PAHTR to the TES storing media (LiCl). Then, when
energy is needed, helium transfers heat from TES storing media to the secondary system.
The final TES system design has 1000 TES blocks; each has an energy storage rating of
0.15 MWd, with a total energy storage capability of 150 MWd. Each TES block consists of
11000 tubes, each containing 2.84 kg of LiCl (see Chapter 4, Section 4.5.2).
5.4. Transient Model of the Coupled Reactor–Thermal Energy Storage System
A transient model of the PAHTR coupled to the PCM–based TES system is described
in detail in Chapter 4, Section 4.4. Reactor kinetics, decay heating and thermal–hydraulics
modules for the PAHTR are implemented in Simulink along with a thermal energy storage
heat–transfer module. The delayed neutron fractions, decay constants and the prompt
generation time listed in Table 5.2 were calculated by a SERPENT (Leppänen, 2013) model
of the reactor (see Chapter 3, Section 3.5.1.10).
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Figure 5.2. Cross section views of the PAHTR core.
Table 5.1. PAHTR neutronics and thermal–hydraulics parameters.
Reflector thickness 100 cm
Hot clean excess reactivity $33.70
Hot end-of-cycle excess reactivity $5.32
Shutdown reactivity -$115.68
Coolant temperature feedback coefficient -1.315×10−5 dk/dT or -$0.002/dT
Fuel temperature feedback coefficient -3.881×10−5 dk/dT or -$0.006/dT
Graphite temperature feedback coefficient -1.127×10−5 dk/dT or -$0.002/dT
Hot channel peaking factor 2.43
Maximum axial peaking factor 1.68 at 193 cm above the core bottom
Inlet temperature 620 ◦C
Outlet temperature 720 ◦C
Core temperature rise 100 ◦C
Total pressure drop across the core 112.9 kPa
Figure 5.3. Schematic of the proposed TES block.
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Table 5.2. Reactor kinetics parameters calculated for the PAHTR by SERPENT.








Prompt generation time (sec) 4.085×10−4
The reactor kinetics module uses the six–delayed group point kinetics approximation
shown in Equation 5.1 to simulate the transient behavior of the PAHTR in response to


















The decay heating module tracks the decay heat produced by the PAHTR during
operation and after shutdown (Chapter 4, Section 4.4.2). The decay heat is calculated using
23 delayed power groups for uranium-235, based on the 1979 ANS decay heat standard shown












The reactor thermal–hydraulics module calculates the average core graphite, coolant,
and fuel temperatures based on heat balance equations (see Chapter 4, Section 4.4.3). The









Qg = PRx(t)− (Tg(t)− Tc(t)) (hA)g→c.
(5.3)
The average reactor coolant temperature is calculated based on the heat balance between
the heat transferred from the core graphite material to the coolant inside the reactor core







Qc = (Tg(t)− Tc(t)) (hA)g→c − ṁccpc (TRxo(t)− TRxi(t)) .
(5.4)
The reactor fuel temperature was determined by the spherical heat conduction equation
based on the thermal conductivity of the different layers of the TRISO particle. Then, the
fuel temperature was derived by the summation of the temperature drop across the different








Tf (t) = ∆TTRISO(t) + Tg(t).
(5.5)
The thermal energy storage (TES) module calculates the temperatures of the primary
heat exchanger, secondary heat exchanger, and the energy storage material (see Chapter 4,
Section 4.4.4). To get an accurate calculation of the energy storage material temperature,
the TES module calculates the liquid volume fraction of LiCl based on the amount of energy










If the liquid volume fraction is between 0 and 1, the system is operating in the latent heat
region; otherwise, if the liquid volume fraction is 0 or 1, the TES block is operating in the
sensible heat region. If the calculated liquid volume is between 0 and 1, the module calculates







The temperature at the moving edge is constant at the melting point of LiCl (610 ◦C). Away
from the moving edge, the LiCl temperature is calculated based on the heat conduction from
the primary loop to the secondary loop.
5.4.1. Additions to the Transient Model
The PAHTR hot channel and axial peaking factors listed in Table 5.1 are incorporated
into the reactor thermal–hydraulics model described in Equations 5.3-5.5 to determine the
peak graphite, fuel and coolant temperatures of the PAHTR during normal and off–normal
















Tfmax(t) = PFhot channel × PFaxial × qTRISO(t)×RTRISO + Tgmax(t).
(5.8)
After an emergency shutdown, the radioactive decay heating of the nuclear reactor fuel
will continue to heat the reactor core. Depending on the operation time of the reactor,
the decay heat of the fuel is about 6% of the reactor nominal power right after shutdown
and will drop to less than 1% after around one hour of cooling. To passively cool the
reactor in emergency conditions, the PAHTR is provided with a passive Reactor Vessel
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Auxiliary Cooling system (RVAC) (Forsberg, 2005). The RVAC system transfers the heat
produced from the radioactive decay heating in the reactor fuel to the reactor vessel by the
natural circulation of the molten salt. Then, the natural air circulation will remove the heat
from the reactor vessel to outside of the reactor core by air convection. For simplicity, the
transient system model considers the RVAC heat removal rate as a constant based on the
nominal thermal reactor power. The RVAC heat removal term is activated only in certain
emergency cases. This term is incorporated in the heat balance equation for the reactor








5.5. Nuclear Power Plant Accidents
Nuclear power plant design must ensure that the plant does not release radioactive
material as a result of any potential accident that may occur. The safety assessment in this
paper examines the behavior of the coupled Prismatic–core Advanced High Temperature
Reactor (PAHTR) and Thermal Energy Storage (TES) system during several important
nuclear reactor accidents including; loss of forced circulation (LOFC), loss of ultimate heat
sink (LUHS), and reactivity insertion accidents (RIAs). Table 5.3 shows the parameters
used to simulate the accidents considered in the safety assessment.
Thees accident scenarios are described in detail in the following sections, along with
an explanation of how these accidents are simulated by the transient model of the coupled
PAHTR–TES system.
Table 5.3. Accident scenarios considered in the PAHTR–TES safety assessment.
Scenario Reactivity Primary flow Heat rejection RVAC coolinga TES
LOFC ↓ 0-15% N/A 0-0.15% N/A
LUHS ↓ normal 0 N/A 0–100%
RIA ↑↓ normal normal N/A N/A
a convective cooling is a fraction of the reactor nominal power.
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5.5.1. Loss of Forced Circulation
The loss of forced circulation (LOFC) accident is taken as a limiting accident in most
nuclear reactor designs (Ball and Forsberg, 2004). In this accident, the nuclear reactor either
partially or completely loses its primary coolant flow. Upon loss of coolant, a control signal is
assumed to be initiated to insert all control rods to the reactor core instantaneously (adding
a negative reactivity of $115 in the case of the PAHTR).
During a LOFC accident, the PAHTR continues to be heated by decay heating in the
reactor fuel; however, the PAHTR can be cooled by the natural circulation of the molten
salt (FLiBe) inside the core, and by the natural air convection from the reactor vessel to the
ambient air. Sufficient convective cooling should be provided to prevent any severe damage
to the reactor core.
To determine the minimum RVAC heat removal rate needed to prevent severe fuel damage
in the PAHTR, several RVAC heat removal rates (see Table 5.3) are implemented in the
transient model upon the total loss of the primary coolant flow. During these simulations,
the peak fuel temperature is monitored to determine the heat removal rate that must be
attained in the design of the RVAC system of the PAHTR. Another scenario is considered
by varying the primary mass flow rate (see Table 5.3) without any RVAC heat removal. This
step determines the minimum coolant flow rate required after reactor shutdown, to maintain
the reactor coolant, graphite and fuel temperatures within acceptable limits.
5.5.2. Loss of Ultimate Heat Sink
In nuclear power plants, the waste heat produced during normal operation and the decay
heat produced by the reactor fuel after shutdown have to be transferred to an ultimate heat
sink. The ultimate heat sink is a large domain that can absorb any heat rejected from
the nuclear power plant without significant change in temperature. Examples of ultimate
heat sinks include large sources of water (such as a river, lake or sea), or the environment
surrounding the nuclear power plant, which can absorb the excess heat through cooling
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towers (Nitheanandan and Brown, 2013). In the event of a loss of ultimate heat sink accident
(LUHS), the nuclear power plant looses the ability to reject the excess heat produced during
normal operation or after shutdown.
By coupling the nuclear reactor to a large TES system, the excess heat from the nuclear
plant and the nuclear fuel decay heat can be absorbed by the coupled energy storage. The
TES adds a huge thermal inertia to the nuclear power plant that can stabilize the quick
temperature transients inside the reactor during off–normal operation conditions such as
those encountered during LUHS accidents.
The LUHS accident is implemented in the transient model of the coupled system by
setting the demand power to zero. During LUHS accidents, the reactor can either continue
operation or shutdown. In the case of continuous operation of the PAHTR, the behavior of
the coupled system is examined without human interference to show that the coupled system
is inherently safe. In the shutdown condition, the reactor is shutdown by the insertion of
$115 of negative reactivity as the LUHS accident occurs. The LUHS accident is simulated
at different percentages of latent energy stored in the TES system to study the effects of the
power history on the LUHS–induced transients.
5.5.3. Reactivity Insertion Accidents
Reactivity insertion accidents (RIAs) occur when a positive reactivity insertion is
accidentally introduced to the reactor core (International Atomic Energy Agency, 2008a).
Any large reactivity insertion will cause the reactor power to increase rapidly. This power
increase will usually cause an emergency shutdown of the nuclear reactor. An RIA may be
caused by an unplanned withdrawal of a control rod/bank due to malfunction in the control
rod drive system or by an operation error. Another cause for an RIA is improper fuel loading
in the reactor core (International Atomic Energy Agency, 2008a).
The PAHTR is simulated with a range of instant reactivity insertions to examine the
stability of the coupled system. In these simulations, the transient behavior of the coupled
system is considered with and without the automatic shutdown of the reactor. Several RIAs
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with different reactivity insertions are implemented to determine the maximum reactivity
that can be instantly added to the reactor core without damaging the reactor fuel or core
structure materials. Different lengths of time between the reactivity insertion and the reactor
shutdown are tested to find the minimum response time required to avoid any damage to
the reactor core.
The next section discusses the transient simulation results for the coupled PAHTR–TES
system during the loss of forced circulation accidents, reactivity insertion accidents, and loss
of ultimate heat sink accidents.
5.6. Simulation Results
The different accident scenarios discussed in the previous section are simulated by the
transient model of the coupled Prismatic–core Advanced High Temperature Reactor–
Thermal Energy Storage system (PAHTR–TES) described in Section 5.4. Unless otherwise
stated, all of the simulations in this section start with 300 MWth reactor thermal power,
primary coolant and TES temperatures of 610 ◦C, reactor fuel and reactor graphite core
material temperatures of 820 ◦C, and zero latent energy stored in the TES system.
Understanding the safety limits for the materials used in the coupled system is important
in determining the safety of the system (see Table 5.4). The peak TRISO fuel particle
temperature must not exceed 1600 ◦C as the silicon carbide layer looses its integrity above
this temperature; however, it should operate below 1250 ◦C in normal operation conditions
(Chapin et al., 2004). The reactor core material is graphite with a melting point of 4260 ◦C
(International Atomic Energy Agency, 2008b) and reactor core temperature is thus bounded
by the fuel temperature. The cooling pipes inside the reactor plenums are made of hastelloy-N
Table 5.4. Temperature limits of PAHTR material.
Material Temperature limit (◦C)
silicone carbide in TRISO fuel particle 1600
reactor graphite core material 4260
hastelloy-N in the PAHTR primary loop pipes 1300-1400
Inconel-625 cladding in the TES channels 1290-1350
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that has a melting temperature in the range of 1300–1400 ◦C (Haynes International Inc.,
2002). Inconel-625 is used in constucting the heat exchanger pipes inside the TES blocks.
Inconel-625 has a melting point ranging from 1290 ◦C to 1350 ◦C (Special Metals Corporation,
2006). The calculations of the PAHTR coolant in the upper and lower plenums are not
included in the reactor thermal–hydraulics module, however; these temperatures are relatively
low compared to the peak coolant temperature inside the PAHTR core. Thus, the safety
assessment in this section considers the TRISO fuel particle limit of 1600 ◦C to be the safety
limit as the melting point of the reactor graphite core material is far beyond this limit.
5.6.1. Loss of Forced Circulation Accident Results
A loss of forced circulation accident (LOFC) is generally the most severe accident for
nuclear reactors. During this accident, the reactor looses the primary cooling supply which
leads to an immediate jump in the temperature of the coolant inside the reactor, followed
by a reactor shutdown. The reactor fuel temperature decreases after the shutdown until it
reaches an equilibrium state with the coolant temperature.
With the PAHTR loosing all of its primary coolant flow during a LOFC accident, different
air convection heat removal rates are examined to determine the heat removal rate that
must be attained by the passive Reactor Vessel Auxiliary Cooling system (RVAC). In each
simulation, the reactor operates normally for five hours, then the primary coolant mass flow
rate drops to zero and the reactor is immediately shutdown by the simultaneous insertion
of all of the control rods to the reactor core (resulting in the insertion of $115 of negative
reactivity). The fuel temperature begins to drop until it reaches an equilibrium state with
the coolant temperature after ∼2 minutes (Figure 5.4). Then, the fuel, graphite and coolant
temperatures increase at the same rate as a result of the decay heating of the reactor fuel.
With no RVAC cooling, the peak fuel, graphite and coolant temperatures reach 1600 ◦C six
hours after the LOFC accident (Figure 5.5) and then continue to increase. If heat can be
removed from the reactor core by the RVAC system, the reactor fuel temperature will peak
∼10–25 hours after shutdown and then decrease. The maximum peak fuel temperature with
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Figure 5.4. PAHTR fuel and coolant temperatures right after LOFC accident.
an RVAC heat removal rate of 0.05% of full reactor power is 1650 ◦C, and occurs 25 hours
after the LOFC accident begins (see Figure 5.5). Figure 5.6 shows the maximum peak fuel
temperature as a function of RVAC heat removal rate. A minimum RVAC heat removal rate
of 0.07% of the nominal thermal power of the reactor is required to maintain the fuel below
the safety limit of 1600 ◦C.
Another parameter in the LOFC accident study is the primary coolant mass flow rate (see
Table 5.3). This portion of the study assumes a zero RVAC heat removal rate. The PAHTR
is shutdown immediately when the accident occurs after five hours of normal operation. The
primary mass flow rate drops to a percentage of the normal primary flow rate (1%–15%) in
several transient simulations of the coupled system during the LOFC accident. Figure 5.7
shows the peak fuel temperature of the PAHTR during the LOFC accident without RVAC
cooling as a function of primary coolant mass flow rate. With a primary coolant flow rate as
low as 1% of the normal flow rate, the peak fuel temperature of the PAHTR remains below
1200 ◦C.
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Figure 5.5. PAHTR peak temperatures as a function of time during a LOFC accident at
different RVAC cooling rates.
Figure 5.6. PAHTR peak fuel temperature as a function of convective cooling rate during a
LOFC accident.
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Figure 5.7. PAHTR peak fuel temperature as a function of time during a LOFC accident at
different reduced coolant mass flow rates.
5.6.2. Loss of Ultimate Heat Sink Accident Results
In the event of the loss of the ultimate heat sink, a nuclear power plant losses its ability to
reject excess heat to the surrounding environment. In the LUHS simulation for the PAHTR,
the reactor is assumed to either continue operation without human intervention or shutdown
via the immediate insertion of $115.68 negative reactivity. In the second case the PAHTR
is assumed to shutdown at three different initial thermal energy storage (TES) conditions;
0%, 50% and 100% latent energy storage.
The first case is implemented to determine the passive control capability of the coupled
system. In this case, the PAHTR initially supplies constant heat to the TES system, which
is initially fully solid (storing essentially no heat) (Figure 5.8). The TES blocks absorb the
heat provided by the reactor while there is no heat rejection from the TES system other than
the heat loss through convection and radiation from the TES blocks’ external surface to the
surrounding environment. After 13 hours of constant charging of the TES system, the LiCl
PCM inside the TES blocks is completely melted (see Figure 5.8) and the TES temperature
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Figure 5.8. PAHTR thermal power, TES loses, and LiCl liquid volume fraction as a function
of time during a LUHS accident without reactor shutdown.
starts to increase (Figure 5.9) along with the reactor coolant temperature (Figure 5.10). This
leads to an increase in the negative temperature feedback reactivity of the PAHTR, which
causes the reactor power to start decreasing (Figure 5.8), which also decreases the reactor
fuel temperature (Figure 5.10). This process continues until the PAHTR thermal power
reaches an equilibrium state with the TES heat loss term (Figure 5.8). At this point the
reactor will continue supplying heat to the TES at the same rate that the TES looses heat to
the environment. At this point, the reactor and TES temperatures will remain at constant
levels in the new steady state condition. Thus, the coupled system provides a passive control
mechanism during a LUHS accident.
In the second case LUHS accidents, the PAHTR is shutdown at three different thermal
energy storage (TES) conditions; 0%, 50% and 100% latent energy storage without any heat
rejection available to the coupled system beyond the heat loss from the TES system (Figure
5.11). Figure 5.12 shows that before shutting down the PAHTR, the TES absorbs more heat
from the PAHTR than is lost to the environment. This excess heat is stored in the LiCl PCM
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Figure 5.9. TES temperature and LiCl liquid volume fraction as a function of time during a
LUHS accident without reactor shutdown.
Figure 5.10. PAHTR fuel and coolant temperatures as a function of time during a LUHS
accident without reactor shutdown.
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Figure 5.11. PAHTR thermal power as a function of time during a LUHS accident with
reactor shutdown.
Figure 5.12. LiCl liquid volume fraction as a function of time during a LUHS accident with
reactor shutdown.
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as latent heat while melting the PCM. Figure 5.12 presents the three different scenarios for
this accident, where the PAHTR is shutdown when the TES is at 0%, 50% or 100% of the
possible latent energy storage content, corresponding to LiCl liquid volume fractions of 0.0,
0.5 and 1.0, respectively.
Once the reactor shuts down, the reactor fuel temperature drops until it reaches an
equilibrium with the coolant temperature (as discussed in Section 5.6.1) at around 610
◦C (see Figures 5.13 and 5.14). Then the TES blocks start losing heat to the surrounding
environment. With 0% initial latent energy storage, the TES does not have any latent energy,
so it will start losing sensible heat right away and the LiCl temperature starts decreasing
immediately (Figure 5.15). With 50% initial latent energy storage, the TES temperature will
remain at a constant level until all of the latent heat is dissipated around 2.5 days after of
shutdown (Figure 5.12). Then, the TES blocks start losing sensible heat to the environment
and the LiCl temperature decreases (Figure 5.15). In the third case, with 100% initial latent
energy storage at shutdown, the TES temperature remains at a constant level for ∼5 days
Figure 5.13. PAHTR fuel temperature as a function of time during a LUHS accident with
reactor shutdown.
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Figure 5.14. PAHTR coolant temperature as a function of time during a LUHS accident
with reactor shutdown.
Figure 5.15. TES temperature as a function of time during a LUHS accident with reactor
shutdown.
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after shutdown (Figure 5.12). Then the TES temperature starts decreasing (Figure 5.15).
These simulation results imply that by coupling the PAHTR to the TES system, the
reactor decay heat can be absorbed by the TES without the need for an ultimate heat
sink. No increase in the reactor temperatures will occur after shutdown without the need
for emergency cooling systems, as the heat losses from the TES are sufficient to remove the
reactor decay heat. Also, as long as there is latent energy stored in the TES system, the
PAHTR will remain at a constant temperature and be easy to restart.
5.6.3. Reactivity Insertion Accidents
Reactivity Insertion Accidents (RIAs) occur when unintended positive reactivity is
introduced to the reactor core. Usually, when an RIA occurs, a signal is sent to the
control system of the reactor to initiate a reactor shutdown. This process should take a
relatively small amount of time to shutdown the reactor. In this study, a normal heat
rejection rate is applied to the coupled system. In the first case in this study, positive
reactivity is introduced to the PAHTR core without shutting down the reactor to study
the stability of the coupled system during an RIA without human interference. The second
case examines the reactor peak fuel temperature and fission power during several RIAs with
different reactivity insertions and different shutdown response times.
After a $1.5 reactivity insertion that occurs after five hours of normal operation without
shutting down the PAHTR, the reactor thermal power suddenly spikes to approximately 2500
MWth before quickly decreasing to 577 MWth (see Figure 5.16). The inserted reactivity
is compensated for by the negative temperature feedback reactivities of the reactor fuel,
graphite and coolant (see Figure 5.17). Thus, the increases in fuel, graphite and coolant
temperatures following the reactivity insertion increase the magnitude of negative
temperature feedback reactivity in the PAHTR core. This leads to the system reaching
a steady state total reactivity within a minute (Figure 5.17). Thus, the thermal power of
the PAHTR quickly decreases to 577 MWth (Figure 5.16). At the same time, the reactor’s
peak fuel temperature increases to 1840 ◦C as shown in Figure 5.18.
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Figure 5.16. PAHTR thermal power as a function of time following a $1.5 reactivity insertion
without a reactor shutdown.
Figure 5.17. Inserted, total, and feedback reactivities as a function of time following a $1.5
reactivity insertion without a reactor shutdown.
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Figure 5.18. PAHTR fuel, PAHTR coolant and TES temperatures as a function of time
following a $1.5 reactivity insertion without a reactor shutdown.
Following the reactivity insertion, the TES system absorbs more heat from the PAHTR
than it supplies to the secondary system as the current PAHTR thermal power (577 MWth)
is higher than the nominal thermal power (300 MWth). The liquid volume fraction of the
storing media (LiCl) inside the TES increases until the LiCl PCM is completely melted after
13 hours of operation (see Figure 5.16). At this point, the TES and the reactor coolant
temperatures start to increase (Figure 5.18). This leads to an increase in the temperature
feedback reactivity of the PAHTR (Figure 5.17), which cause the reactor power to decrease
(Figure 5.16), reducing the reactor fuel temperature (Figure 5.18). This process continues
until the reactor and TES temperatures reach a steady–state condition with a peak fuel
temperature of ∼1400◦C, as shown in Figure 5.18.
Multiple RIAs with different reactivity insertions and time response signals are simulated
to examine the reactor behavior and to determine the required time response for the control
system and the maximum allowable reactivity insertion to the PAHTR. Figure 5.19 shows the
ratios of peak fission power to nominal reactor power at several reactivity insertions ($0.5–$2)
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Figure 5.19. Ratios of peak fission power to nominal power as a function of reactivity
insertion at different shutdown response times.
and different shutdown response times (0.1–∞ sec). The power ratio varies from 1.5 to 6.5
with a 0.1 second shutdown response time and from 2 to 13 without reactor shutdown. Using
a shutdown response time of one second, the maximum allowable reactivity insertion with the
peak fuel temperature not exceeding 1600 ◦C is ∼$1.1 (see Figure 5.20). With a 0.1 second
shutdown response time, the maximum allowable reactivity insertion is ∼$ 1.9 leading to a
peak reactor fuel temperature of <1600 ◦C (see Figure 5.20). The maximum safe reactivity
insertion without reactor shutdown is $0.85 (Figure 5.20).
5.7. Summary and Conclusions
Coupling a nuclear reactor to a thermal energy storage system enhances the load following
characteristics of the nuclear reactor. The transient model of the coupled PAHTR–TES
system is enhanced with a hot channel model to determine the peak temperatures of the
reactor fuel, graphite and coolant. The air convection heat removal by the RVAC system is
introduced to the thermal–hydraulics module and incorporated in the heat balance
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Figure 5.20. PAHTR peak fuel temperature as a function of reactivity insertion at different
shutdown response times.
calculations for the reactor coolant. Three different types of major nuclear reactor accidents
are simulated and evaluated, including loss of forced circulation (LOFC) accidents, loss of
ultimate heat sink (LUHS) accidents, and reactivity insertion accidents (RIAs).
During a LOFC accident, the minimum required air convection heat removal rate from
the reactor core is found to be 0.07% of the nominal thermal power of the reactor, to maintain
the fuel temperature below 1600 ◦C. Also, a reduced primary flow rate of 1% of the normal
flow rate is sufficient to cool the PAHTR core, and to maintain the reactor in a safe condition.
The LUHS accidents demonstrated that after an emergency shutdown, the TES can
absorb the decay heat of the reactor fuel while cooling the PAHTR. If the TES starts with
some amount of latent heat, the TES will keep the PAHTR coolant, graphite and fuel
temperatures constant for a relatively long period of time (up to five days), which will allow
the PAHTR to be easily restarted.
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Based on the simulated RIAs, the maximum allowable reactivity insertion with a
shutdown response time of 0.1 second, is $1.9. For a one second shutdown response time,
the maximum allowable reactivity insertion is only $1.1. The maximum allowable reactivity
insertion without shutdown is $0.85. In all of these cases the fuel temperature remains below
1600 ◦C.
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Nuclear power plants operate most efficiently at a constant power level and usually
provide base load power to the electric grid. However, the electric power demand profile
always varies over day and night operating cycles. As a result, load–following is an important
factor in power plant operation, especially when an electric grid includes a significant amount
of renewable energy sources. In an electric grid containing a large fraction of variable
generation rate power sources, the load demands on base load energy sources such as nuclear
power plants can be highly variable. This places significant stress on nuclear power plants,
as these systems are generally designed to operate at a constant power level. Additionally,
variable power demands may result in a significant amount of curtailment, which is
particularly disadvantageous to the economics of high capital cost power sources such as
nuclear. Coupling a nuclear reactor to large–scale thermal energy storage significantly
improves the viability of the nuclear power plant in an electricity grid containing a significant
fraction of renewable energy sources and enhances the load following characteristics of the
nuclear reactor.
In this thesis, a Prismatic–core Advanced High Temperature Reactor (PAHTR) that
uses TRISO particle fuel in prismatic fuel blocks with FLiBe molten salt as its primary
coolant is designed for a five years operating cycle. The PAHTR is coupled with a lithium
chloride–based passive thermal energy storage (TES) system that operates in the latent heat
region with the capability to store 150 MWd of thermal energy. The TES system stores
thermal energy during the night for use in times of peak demand during the day.
The PAHTR is 5.25 meters in height and 4.0 meters in diameter and will produce 300
MWth from 19.75 wt% enriched TRISO based UO2 fuel containing 10 metric tons of heavy
metal in an active volume of 64.66 m3. The PAHTR reflector thickness is 100 cm. The core
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has a hot clean excess reactivity of $33.70 with a shutdown margin of -$115.68. The PAHTR
has a coolant temperature reactivity feedback coefficient of -1.315×10−5 dk/dT (-$0.002/dT),
a fuel temperature reactivity feedback coefficient of -1.881×10−5 dk/dT (-$0.006/dT), and
a graphite temperature reactivity feedback coefficient of -1.127×10−5 dk/dT (-$0.002/dT).
The hot channel peaking factor is 2.43 at the centermost–edge of the hot assembly located
in the centermost–fueled ring of the core. The maximum axial flux peaking factor of 1.68
occurs at a height of 193 cm from the bottom of the PAHTR core. At steady state, the
coolant enters the core at 620 ◦C and exits the core at 720 ◦C with a total core pressure
drop of 112.9 kPa. The LiCl TES system consists of 300 TES blocks; each has an energy
storage rating of 0.5 MWd, with a total energy storage capability of 150 MWd. The LiCl
in the TES blocks has a melting temperature of 610 ◦C, and the blocks will usually operate
in the latent heat region. The TES blocks are surrounded by a 10 cm thick sugarcane fiber
insulation layer, providing an average storage thermal efficiency of 95.7%.
A transient system model of the coupled PAHTR–TES system demonstrates the operating
characteristics of the combined system. Reactor kinetics, reactor decay heating and thermal–
hydraulics modules for the PAHTR are implemented in Simulink along a thermal energy
storage heat transfer module. The reactor kinetics module uses the six–delayed group
point kinetics approximation to simulate the transient behavior of the reactor in response
to changes in external reactivity and temperatures. The decay heating module tracks the
decay heat produced by the reactor during operation and after shutdown. The reactor
thermal–hydraulics module calculates the average core graphite, coolant, and fuel
temperatures based on heat balance equations. The thermal energy storage module calculates
the temperatures of the primary heat exchanger, secondary heat exchanger, and the energy
storage material.
Four TES designs, along with the case when there is no energy storage in the system,
are compared to determine the preferred configuration for the TES blocks to allow the
coupled system to operate in a load–following mode without varying the reactor thermal
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power, based on an expected daily power demand curve. The transient results show that
even with the initial, non–optimal, TES design, the coupled system is better responding to
changes in power demand than the system without any energy storage. The preferred TES
configuration consists of 1000 units, each having 11000 PCM tubes containing 2.84 kg of
LiCl. With this TES design incorporated into the coupled PAHTR–TES system, the reactor
thermal power remains nearly constant (within 1% of the PAHTR thermal power rating)
during load–following operation.
The transient model of the coupled PAHTR–TES system is enhanced with a hot channel
model to determine the peak temperatures of the reactor fuel, graphite and coolant. The
air convection heat removal by the RVAC system is introduced to the thermal–hydraulics
module and incorporated in the heat balance calculations for the reactor coolant. Three
major nuclear reactor accident types are simulated and evaluated, including loss of forced
circulation (LOFC) accidents, loss of ultimate heat sink (LUHS) accidents, and reactivity
insertion accidents (RIAs).
During a LOFC accident, the minimum required air convection heat removal rate from
the reactor core is found to be 0.07% of the nominal thermal power of the reactor, to maintain
the peak fuel temperature below 1600 ◦C. Also, a reduced primary flow rate of 1% of the
normal flow rate is sufficient to cool the PAHTR core, and to maintain the reactor in a
safe condition. The LUHS accidents demonstrated that after an emergency shutdown, the
TES can absorb the decay heat of the reactor fuel while cooling the PAHTR. If the TES
starts with some amount of latent heat, the TES will keep the PAHTR coolant, graphite
and fuel temperatures constant for a relatively long period of time (up to five days), which
will allow the PAHTR to be easily restarted. Based on the simulated RIAs, the maximum
allowable reactivity insertion with a shutdown response time of 0.1 second is $1.9. For a one
second shutdown response time, the maximum allowable reactivity insertion is only $1.1.
The maximum allowable reactivity insertion without an automatic shutdown is $0.85. In all
of these cases the fuel temperature remains below 1600 ◦C.
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Coupling a nuclear reactor to a TES system increases the capacity factor of the reactor
during load–following operations. This thesis demonstrates that better load–following
characteristics for the coupled PAHTR–TES system can be attained by using thinner PCM
regions in the TES blocks. The safety assessment study for the coupled PAHTR–TES system
shows that coupling the PAHTR to the TES blocks provides enhanced safety margin and
restart capabilities for the reactor.
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CHAPTER 7
RECOMMENDATIONS FOR FUTURE RESEARCH
The single point transient model of the coupled Prismatic–core Advanced High
Temperature Reactor (PAHTR)–Thermal Energy Storage (TES) system demonstrated
enhanced load–following operation and an additional safety margin during major nuclear
reactor events; however, this thesis also identified several potential areas for future research.
These include developing a three–dimensional thermal hydraulics model of the TES system,
considering an underground TES system, studying the physical and chemical compatibility of
the system materials, and incorporating emergency cooling system modules in the transient
model of the coupled system.
The conditions inside the TES blocks during the melting of the LiCl Phase Change
Matetial (PCM) should be investigated by a detailed three–dimensional thermal hydraulics
model of the system to examine the melting behavior of the LiCl PCM. A three–dimensional
transient thermal hydraulics model of the thermal energy storage blocks could provide more
accurate results for the transient simulation of the coupled PAHTR–TES system. In this
thesis, the moving edge of the liquid portion of the LiCl in the PCM tubes is assumed to have
a cylindrical shape. Phase change interfaces usually take a semi–conical shape in response
to the heat distribution in vertical heated channels. It may also be important to consider
the natural convection of the liquid PCM in the TES blocks. A PCM–based TES prototype
to examine the thermal–hydraulic characteristics of the TES system would be an interesting
future project. Such a prototype could be integrated with an electrically heated reactor
simulator based on the work in this thesis.
In this thesis the TES blocks are assumed to be above ground with a corresponding heat
loss to the ambient air. Locating the TES blocks underground could be a way to reduce
the heat loss to the surrounding environment as the underground temperature tends to be
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at a constant level year–round; however, the thesis also demonstrated that maintaining a
minimum level of heat loss from the TES system does help in removing the reactor decay
heat.
In any new system design, physical and chemical behaviors of the system’s material are
a key concern, along with the compatibility of the different materials used in the system.
A material compatibility study of the FLiBe molten salt with Hastelloy-N and Inconel-625
is a good area for future research along with the compatibility of the LiCl with the Inconel
cladding material in the TES blocks. Electrochemical reactions in the LiCl PCM inside
the TES system are of potential concerns. It is also important to study how the thermal
and pressure stresses affect the LiCl PCM tubes in the TES system and how the frequent
melting and solidifying of the LiCl PCM is going to affect the strength of TES tubes’ cladding
materials. The impact of changes in the thermal expansion and viscosity of the LiCl in
different phases should be considered for future research along with a study to investigate
the possibility of a TES system failure in case of fully solid LiCl PCM condition.
The safety assessment of the coupled system raised the need for sophisticated models of
the emergency cooling systems of the PAHTR. To obtain more accurate transient results for
the accident scenarios, the emergency cooling systems should be designed and incorporated
as detailed modules in the transient model of the coupled system, including the natural
convection of FLiBe in the reactor core, conduction through the graphite and the natural
convection of air around the primary vessel.
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APPENDIX A - MCNP5 INPUT FILE




c ***** Reactor Core *****
1 6 -1.74 -104 10 -7 IMP:N=1 fill=1 tmp=2.53e-8




1 6R 2 2 2 2 2 2 1 1
1 5R 2 2 2 2 2 2 2 1 1
1 4R 2 2 2 2 2 2 2 2 1 1
1 3R 2 2 2 2 2 2 2 2 2 1 1
1 2R 2 2 2 2 2 2 2 2 2 2 1 1
1 1 2 2 2 2 2 1 2 2 2 2 2 1 1
1 1 2 2 2 2 2 2 2 2 2 2 1 2R
1 1 2 2 2 2 2 2 2 2 2 1 3R
1 1 2 2 2 2 2 2 2 2 1 4R
1 1 2 2 2 2 2 2 2 1 5R
1 1 2 2 2 2 2 2 1 6R
1 14R
1 14R
c ***** Fuel Assembly *****
c ** 2=Graphite ** 3=Fuel ** 4=Coolant ** 5=Control ** 9=Tools **
3 6 -1.74 -210 u=2 IMP:N=1 lat=2 tmp=2.53e-8
fill=-17:17 -17:17 0:0
2 34R
2 24R 4 2 8R
2 22R 4 3 3 4 2 7R
2 20R 4 3 3 4 3 3 4 2 6R
2 18R 4 3 3 4 3 3 4 3 3 4 2 5R
2 16R 4 3 3 4 3 3 4 3 3 4 3 3 4 2 4R
2 14R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 3R
2 12R 4 3 3 4 3 3 4 5 3 4 3 5 4 3 3 4 3 3 4 2 2R
2 10R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 2
2 8R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2
2 8R 3 4 3 3 4 3 5 4 3 3 4 3 3 4 3 3 4 5 3 4 3 3 4 3 2 2
2 7R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 2
2 7R 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 2 2R
2 6R 4 3 3 4 5 3 4 3 3 4 5 3 4 3 5 4 3 3 4 3 5 4 3 3 4 2 2R
2 6R 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 2 3R
2 5R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 3R
2 5R 3 4 3 3 4 3 3 4 3 3 4 10 10 4 3 3 4 3 3 4 3 3 4 3 2 4R
2 4R 4 3 3 4 5 3 4 3 5 4 3 10 10 10 3 4 5 3 4 3 5 4 3 3 4 2 4R
2 4R 3 4 3 3 4 3 3 4 3 3 4 10 10 4 3 3 4 3 3 4 3 3 4 3 2 5R
2 3R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 5R
2 3R 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 2 6R
2 2R 4 3 3 4 5 3 4 3 3 4 5 3 4 3 5 4 3 3 4 3 5 4 3 3 4 2 6R
2 2R 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 2 7R
2 2 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 7R
2 2 3 4 3 3 4 3 5 4 3 3 4 3 3 4 3 3 4 5 3 4 3 3 4 3 2 8R
2 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 8R
2 2 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 10R
2 2R 4 3 3 4 3 3 4 5 3 4 3 5 4 3 3 4 3 3 4 2 12R
2 3R 4 3 3 4 3 3 4 3 3 4 3 3 4 3 3 4 2 14R
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2 4R 4 3 3 4 3 3 4 3 3 4 3 3 4 2 16R
2 5R 4 3 3 4 3 3 4 3 3 4 2 18R
2 6R 4 3 3 4 3 3 4 2 20R
2 7R 4 3 3 4 2 22R
2 8R 4 2 24R
2 34R
c ***** Fuel Rod *****
4 6 -1.74 -103 9 -8 u=3 IMP:N=1 fill=6 tmp=2.53e-8
5 6 -1.74 (-103 -9):(-103 8) u=3 IMP:N=1 tmp=2.53e-8
6 6 -1.74 103 u=3 IMP:N=1 tmp=2.53e-8
c ***** Coolant Channel *****
7 10 -0.0012 -101 u=4 IMP:N=1 tmp=2.53e-8
8 6 -1.74 101 u=4 IMP:N=1 tmp=2.53e-8
c ***** Control Rod *****
9 8 -2.50 -102 21 u=5 IMP:N=1 tmp=2.53e-8
10 9 -7.94 102 -103 21 u=5 IMP:N=1 tmp=2.53e-8
11 10 -0.0012 -103 -21 u=5 IMP:N=1 tmp=2.53e-8
12 6 -1.74 103 u=5 IMP:N=1 tmp=2.53e-8
c ***** Center of Assembly *****
13 6 -1.74 -209 u=10 IMP:N=1 tmp=2.53e-8
14 6 -1.74 209 u=10 IMP:N=1 tmp=2.53e-8
c ***** TRISO Particle Layers*****
15 5 -1.74 -206 u=6 IMP:N=1 lat=1 tmp=2.53e-8
fill=0:0 0:0 -3052:3052
6 48R 7 6006R 6 48R
16 5 -1.74 -207 u=7 IMP:N=1 lat=1 tmp=2.53e-8
fill=-7:7 -7:7 0:0
7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
7 7 7 7 7 8 8 8 8 8 7 7 7 7 7
7 7 7 7 8 8 8 8 8 8 8 7 7 7 7
7 7 7 8 8 8 8 8 8 8 8 8 7 7 7
7 7 8 8 8 8 8 8 8 8 8 8 8 7 7
7 8 8 8 8 8 8 8 8 8 8 8 8 8 7
7 8 8 8 8 8 8 8 8 8 8 8 8 8 7
7 8 8 8 8 8 8 8 8 8 8 8 8 8 7
7 8 8 8 8 8 8 8 8 8 8 8 8 8 7
7 8 8 8 8 8 8 8 8 8 8 8 8 8 7
7 7 8 8 8 8 8 8 8 8 8 8 8 7 7
7 7 7 8 8 8 8 8 8 8 8 8 7 7 7
7 7 7 7 8 8 8 8 8 8 8 7 7 7 7
7 7 7 7 7 8 8 8 8 8 7 7 7 7 7
7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
18 1 -10.963 -201 u=8 IMP:N=1 tmp=2.53e-8
19 2 -0.97 201 -202 u=8 IMP:N=1 tmp=2.53e-8
20 3 -1.9 202 -203 u=8 IMP:N=1 tmp=2.53e-8
21 4 -4.21 203 -204 u=8 IMP:N=1 tmp=2.53e-8
22 3 -1.9 204 -205 u=8 IMP:N=1 tmp=2.53e-8
23 5 -1.74 205 u=8 IMP:N=1 tmp=2.53e-8
c ***** Reflectors *****
24 6 -1.74 104 -105 10 -7 IMP:N=1 tmp=2.53e-8
c ***** Insulation *****
25 9 -7.94 105 -106 11 -2 121 IMP:N=1 tmp=2.53e-8
26 9 -7.94 -106 12 -11 IMP:N=1 tmp=2.53e-8
c ***** Coolant ******
27 10 -0.0012 -105 11 -10 (121:-19:25)
(121:-26:20) IMP:N=1 tmp=2.53e-8
28 10 -0.0012 -105 7 -2 (117:-23:24)
104 (119:-23:24) IMP:N=1 tmp=2.53e-8
227 10 -0.0012 -116 23 -24 IMP:N=1 tmp=2.53e-8
228 10 -0.0012 -118 23 -24 IMP:N=1 tmp=2.53e-8
229 10 -0.0012 -120 26 -20 IMP:N=1 tmp=2.53e-8
230 10 -0.0012 -120 19 -25 IMP:N=1 tmp=2.53e-8
c ***** Primary Vessel *****
29 9 -7.94 106 -107 12 -2 121 IMP:N=1 tmp=2.53e-8
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30 9 -7.94 -107 13 -12 IMP:N=1 tmp=2.53e-8
c ***** Argon Gas ******
31 12 -1 107 -108 13 -2 121 IMP:N=1 tmp=2.53e-8
32 12 -1 -108 14 -13 IMP:N=1 tmp=2.53e-8
c ***** Guard Vessel ******
33 9 -7.94 108 -109 14 -2 121 IMP:N=1 tmp=2.53e-8
34 9 -7.94 -109 15 -14 IMP:N=1 tmp=2.53e-8
c ***** Cavity Cooling Baffle *****
35 9 -7.94 110 -111 14 -5 121 IMP:N=1 tmp=2.53e-8
36 9 -7.94 110 -115 5 -4 IMP:N=1 tmp=2.53e-8
c ***** Natural Air Circulation ****
37 10 -0.0012 (-113 16 -15)
:(109 -110 15 -3 121)
:(111 -113 15 -5 121)
:(110 -115 4 -3)
:(113 -115 6 -5)
:(110 -111 15 -14) IMP:N=1 tmp=2.53e-8
c ***** Cavity Liner ******
38 9 -7.94 113 -114 16 -6 121 IMP:N=1 tmp=2.53e-8
39 9 -7.94 -114 17 -16 IMP:N=1 tmp=2.53e-8
c ***** Cavity *****
40 11 -2.3 114 -115 17 -6 121 IMP:N=1 tmp=2.53e-8
41 11 -2.3 -115 18 -17 IMP:N=1 tmp=2.53e-8
c ***** Floor Slab *****
42 11 -2.3 109 -115 3 -2 IMP:N=1 tmp=2.53e-8
c ***** Reactor Closure ****
43 9 -7.94 117 119 -112 2 -1 IMP:N=1 tmp=2.53e-8
c ***** Coolant Outlets ****
44 9 -7.94 116 -117 23 -24 IMP:N=1 tmp=2.53e-8
45 9 -7.94 118 -119 23 -24 IMP:N=1 tmp=2.53e-8
c ***** Coolant Inlets ****
46 9 -7.94 120 -121 19 -25 IMP:N=1 tmp=2.53e-8
47 9 -7.94 120 -121 26 -20 IMP:N=1 tmp=2.53e-8
c **** Control *******
48 10 -0.0012 -104 7 -2 IMP:N=1 fill=11 tmp=2.53e-8




11 6R 9 9 9 9 9 9 11 11
11 5R 9 9 9 9 9 9 9 11 11
11 4R 9 9 9 9 9 9 9 9 11 11
11 3R 9 9 9 9 9 9 9 9 9 11 11
11 2R 9 9 9 9 9 9 9 9 9 9 11 11
11 11 9 9 9 9 9 11 9 9 9 9 9 11 11
11 11 9 9 9 9 9 9 9 9 9 9 11 2R
11 11 9 9 9 9 9 9 9 9 9 11 3R
11 11 9 9 9 9 9 9 9 9 11 4R
11 11 9 9 9 9 9 9 9 11 5R
11 11 9 9 9 9 9 9 11 6R
11 14R
11 14R
c ***** Control Assembly *****
50 10 -0.0012 -212 u=9 IMP:N=1 lat=2 tmp=2.53e-8
fill=-17:17 -17:17 0:0
9 34R
9 24R 9 9 8R
9 22R 9 9 9 9 9 7R
9 20R 9 9 9 9 9 9 9 9 6R
9 18R 9 9 9 9 9 9 9 9 9 9 9 5R
9 16R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 4R
9 14R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 3R
9 12R 9 9 9 9 9 9 9 55 9 9 9 55 9 9 9 9 9 9 9 9 2R
9 10R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
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9 8R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
9 8R 9 9 9 9 9 9 55 9 9 9 9 9 9 9 9 9 9 55 9 9 9 9 9 9 9 9
9 7R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
9 7R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 2R
9 6R 9 9 9 9 55 9 9 9 9 9 55 9 9 9 55 9 9 9 9 9 55 9 9 9 9 9 2R
9 6R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 3R
9 5R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 3R
9 5R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 4R
9 4R 9 9 9 9 55 9 9 9 55 9 9 9 9 9 9 9 55 9 9 9 55 9 9 9 9 9 4R
9 4R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 5R
9 3R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 5R
9 3R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 6R
9 2R 9 9 9 9 55 9 9 9 9 9 55 9 9 9 55 9 9 9 9 9 55 9 9 9 9 9 6R
9 2R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 7R
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 7R
9 9 9 9 9 9 9 9 55 9 9 9 9 9 9 9 9 9 9 55 9 9 9 9 9 9 9 8R
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 8R
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 10R
9 2R 9 9 9 9 9 9 9 55 9 9 9 55 9 9 9 9 9 9 9 9 12R
9 3R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 14R
9 4R 9 9 9 9 9 9 9 9 9 9 9 9 9 9 16R
9 5R 9 9 9 9 9 9 9 9 9 9 9 18R
9 6R 9 9 9 9 9 9 9 9 20R
9 7R 9 9 9 9 9 22R
9 8R 9 9 24R
9 34R
c ***** Control Rod *****
51 8 -2.50 -102 -22 u=55 IMP:N=1 tmp=2.53e-8
52 9 -7.94 102 -103 -22 u=55 IMP:N=1 tmp=2.53e-8
53 10 -0.0012 -103 22 u=55 IMP:N=1 tmp=2.53e-8
54 10 -0.0012 103 u=55 IMP:N=1 tmp=2.53e-8
c ***** Void out of Core *****
















































116 C/Z 0 220 4
117 C/Z 0 220 6
118 C/Z 0 -220 4
119 C/Z 0 -220 6
120 C/Y 0 -375 4
121 C/Y 0 -375 6
c ***** UO2 kernel ******
201 SO 0.0215
c ***** Porous Carbon Buffer ******
202 SO 0.0300
c ***** IPyC *****
203 SO 0.0335
c ***** SiC *****
204 SO 0.0370
c ***** OPyC *****
205 SO 0.0410
c ***** TRISO Layer *****
206 RPP -0.645 0.645 -0.645 0.645 -0.043 0.043
c ***** TRISO Unit Cell *****
207 RPP -0.043 0.043 -0.043 0.043 -0.043001 0.043001
c ***** Fuel Assembly Compact ******
208 RHP 0 0 -362.50001 0 0 725.00002 18 0 0
c ***** Unit Cell Hex ******
209 RHP 0 0 -362.5002 0 0 725.0004 0.692311 0 0
210 RHP 0 0 -362.5001 0 0 725.0002 0.69231 0 0
c ***** Fuel Assembly Compact ******
211 RHP 0 0 362.499 0 0 425.002 18.0001 0 0
c ***** Unit Cell Hex ******






























c ***************ss304 7.896 g/cm3************************************
M9 14028.70c -0.009187 14029.70c -0.000484 14030.70c -0.000329
24050.70c -0.007930 24052.70c -0.159029 24053.70c -0.018380
24054.70c -0.004661 25055.70c -0.020000 26054.70c -0.038390
26056.70c -0.624930 26057.70c -0.014691 26058.70c -0.001989
28058.70c -0.067198 28060.70c -0.026776 28061.70c -0.001183
28062.70c -0.003834 28064.70c -0.001009


























c ******* Criticality Calculation ********
KCODE 10000 1 30 150
c ******* Source Distribution *********
SDEF pos=0 0 0 axs=0 0 1 rad=d1 ext=d2
SI1 h 20 180
SP1 -21 2
SI2 h -250 250
SP2 0 1
c ******* Stochastic Distribution of TRISO Particles *****
URAN 8 0.002 0.002 0.002
c ******* Average Core Flux Calculation ******
F4:N 3
FM4 2.25780E+19
c ******* Flux in different Locations ******




AXS=0 0 1 VEC=0 1 0
FM14 2.25780E+19
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APPENDIX B - SERPENT MONTE CARLO INPUT FILE
set title "Reactor Core"
% Cell Cards
% ***** Reactor Core *****
cell 1 0 fill 1 -104 10 -7
cell 2 12 6 -208 10 -7
cell 222 12 6 (208 -10)
cell 223 12 6 (208 7)
lat 1 2 0 0 15 15 36
12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
12 12 12 12 12 12 12 02 02 02 02 02 02 12 12
12 12 12 12 12 12 02 02 02 02 02 02 02 12 12
12 12 12 12 12 02 02 02 02 02 02 02 02 12 12
12 12 12 12 02 02 02 02 02 02 02 02 02 12 12
12 12 12 02 02 02 02 02 02 02 02 02 02 12 12
12 12 02 02 02 02 02 12 02 02 02 02 02 12 12
12 12 02 02 02 02 02 02 02 02 02 02 12 12 12
12 12 02 02 02 02 02 02 02 02 02 12 12 12 12
12 12 02 02 02 02 02 02 02 02 12 12 12 12 12
12 12 02 02 02 02 02 02 02 12 12 12 12 12 12
12 12 02 02 02 02 02 02 12 12 12 12 12 12 12
12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
12 12 12 12 12 12 12 12 12 12 12 12 12 12 12
% ***** Fuel Assembly *****
% ** 22=Graphite ** 3=Fuel ** 4=Coolant ** 5=Control ** 10=Tools **
cell 333 2 fill 23 -208 10 -7
cell 334 2 6 (208 -10)
cell 335 2 6 (208 7)
cell 3 22 6 -210 10 -7
cell 337 22 6 (210 -10)
cell 338 22 6 (210 7)
lat 23 2 0 0 35 35 1.384615385
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 04 22
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 05 03 04 03 05 04 03 03 04 03 03 04 22 22
22 22 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04
03 03 04 22 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03
03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 03 04 03 03 04 03 05 04 03 03 04 03 03
04 03 03 04 05 03 04 03 03 04 03 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04
03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 03 04 03 03 04 03
03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 22 22 22 22 22 22 22 22 22 22 04 03 03
04 05 03 04 03 03 04 05 03 04 03 05 04 03 03 04 03 05 04 03 03 04 22 22 22 22 22 22 22 22 22
22 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 22 22 22 22 22 22
22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 22 22
22 22 22 22 22 22 22 22 03 04 03 03 04 03 03 04 03 03 04 10 10 04 03 03 04 03 03 04 03 03 04
03 22 22 22 22 22 22 22 22 22 22 04 03 03 04 05 03 04 03 05 04 03 10 10 10 03 04 05 03 04 03
05 04 03 03 04 22 22 22 22 22 22 22 22 22 22 03 04 03 03 04 03 03 04 03 03 04 10 10 04 03 03
04 03 03 04 03 03 04 03 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04
03 03 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 03 04 03 03 04 03 03 04 03
03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 22 22 22 22 22 22 22 22 22 22 04 03 03 04 05 03
04 03 03 04 05 03 04 03 05 04 03 03 04 03 05 04 03 03 04 22 22 22 22 22 22 22 22 22 22 03 04
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03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 22 22 22 22 22 22 22 22 22
22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22
22 22 22 22 22 03 04 03 03 04 03 05 04 03 03 04 03 03 04 03 03 04 05 03 04 03 03 04 03 22 22
22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03
03 04 22 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03 04 03 03
04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 05 03 04 03 05 04
03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 04 03 03 04 03 03 04 03
03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 04 03 03
04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 04 03 03 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 04 03 03 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22 22 22 22 04 03 03 04 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 04 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
% ***** Fuel Rod *****
cell 4 3 fill 6 -103 9 -8
cell 444 3 7 103 -1031 9 -8
cell 5 3 6 (-1031 -9)
cell 555 3 6 (-1031 8)
cell 6 3 6 1031
% ***** Coolant Channel *****
cell 7 4 7 -101 10 -7
cell 8 4 6 (-101 -10)
cell 818 4 6 (-101 7)
cell 819 4 6 101
% ***** Control Rod *****
cell 9 5 8 -102 21 -22
cell 10 5 9 102 -103 21 -22
cell 1010 5 7 103 -1031 21 -22
cell 11 5 7 -1031 -21
cell 12 5 7 -1031 22
cell 213 5 6 1031
% ***** Center of Assembly *****
cell 13 10 6 -210 10 -7
cell 14 10 6 (-210 -10)
cell 414 10 6 (-210 7)
cell 415 10 6 210
% ***** TRISO Particle Layers*****
cell 15 6 5 (-103 -214)
cell 515 6 5 (-103 213)
cell 516 6 5 103
cell 16 6 fill 76 -103 -213 214
lat 76 11 0 0 0 1 1 6007 0.6225 0.6225 0.086
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78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78
78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78
78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78
78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78
78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78
78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78 78
cell 775 78 fill 7 -103 -215 216
cell 776 78 5 (-103 215)
cell 777 78 5 (-103 -216)
cell 778 78 5 103
cell 17 77 5 -205
cell 717 77 5 205
lat 7 1 0 0 15 15 0.086
77 77 77 77 77 77 77 77 77 77 77 77 77 77 77
77 77 77 77 77 8 8 8 8 8 77 77 77 77 77
77 77 77 77 8 8 8 8 8 8 8 77 77 77 77
77 77 77 8 8 8 8 8 8 8 8 8 77 77 77
77 77 8 8 8 8 8 8 8 8 8 8 8 77 77
77 8 8 8 8 8 8 8 8 8 8 8 8 8 77
77 8 8 8 8 8 8 8 8 8 8 8 8 8 77
77 8 8 8 8 8 8 8 8 8 8 8 8 8 77
77 8 8 8 8 8 8 8 8 8 8 8 8 8 77
77 8 8 8 8 8 8 8 8 8 8 8 8 8 77
77 77 8 8 8 8 8 8 8 8 8 8 8 77 77
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77 77 77 8 8 8 8 8 8 8 8 8 77 77 77
77 77 77 77 8 8 8 8 8 8 8 77 77 77 77
77 77 77 77 77 8 8 8 8 8 77 77 77 77 77








% ***** Reflectors *****
cell 24 0 6 104 -105 10 -7
% ***** Insulation *****
cell 25 0 9 105 -106 11 -2
cell 26 0 9 -106 12 -11
% ***** Coolant ******
cell 27 0 7 -105 11 -10
cell 28 0 7 -105 7 -2 117 119 104
cell 225 0 7 -117 7 -23
cell 226 0 7 -119 7 -23
cell 227 0 7 -116 23 -24
cell 228 0 7 -118 23 -24
% ***** Primary Vessel *****
cell 29 0 9 106 -107 12 -2
cell 30 0 9 -107 13 -12
% ***** Argon Gas ******
cell 31 0 12 107 -108 13 -2
cell 32 0 12 -108 14 -13
% ***** Guard Vessel ******
cell 33 0 9 108 -109 14 -2
cell 34 0 9 -109 15 -14
% ***** Cavity Cooling Baffle *****
cell 35 0 9 110 -111 14 -5
cell 36 0 9 110 -115 5 -4
% ***** Natural Air Circulation ****
cell 37 0 10 (-113 16 -15)
cell 3712 0 10 (109 -110 15 -3)
cell 3713 0 10 (111 -113 15 -5)
cell 3714 0 10 (110 -115 4 -3)
cell 3715 0 10 (113 -115 6 -5)
cell 3716 0 10 (110 -111 15 -14)
% ***** Cavity Liner ******
cell 38 0 9 113 -114 16 -6
cell 39 0 9 -114 17 -16
% ***** Cavity *****
cell 40 0 11 114 -115 17 -6
cell 41 0 11 -115 18 -17
% ***** Floor Slab *****
cell 42 0 11 109 -115 3 -2
% ***** Reactor Closure ****
cell 43 0 9 117 119 -112 2 -1
% ***** Coolant Outlets ****
cell 44 0 9 116 -117 23 -24
cell 45 0 9 118 -119 23 -24
% **** Control *******
cell 48 0 fill 11 -104 7 -2
cell 498 13 7 (208 -7)
cell 499 13 7 (208 2)
cell 49 13 7 -208 7 -2
lat 11 2 0 0 15 15 36
13 13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 09 09 09 09 09 09 13 13
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13 13 13 13 13 13 09 09 09 09 09 09 09 13 13
13 13 13 13 13 09 09 09 09 09 09 09 09 13 13
13 13 13 13 09 09 09 09 09 09 09 09 09 13 13
13 13 13 09 09 09 09 09 09 09 09 09 09 13 13
13 13 09 09 09 09 09 13 09 09 09 09 09 13 13
13 13 09 09 09 09 09 09 09 09 09 09 13 13 13
13 13 09 09 09 09 09 09 09 09 09 13 13 13 13
13 13 09 09 09 09 09 09 09 09 13 13 13 13 13
13 13 09 09 09 09 09 09 09 13 13 13 13 13 13
13 13 09 09 09 09 09 09 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13 13
% ***** Control Assembly *****
cell 331 9 fill 98 -208 7 -2
cell 330 9 7 (208 -7)
cell 332 9 7 (208 2)
cell 50 99 7 -210 7 -2
cell 501 99 7 (210 -7)
cell 336 99 7 (210 2)
lat 98 2 0 0 35 35 1.384615385
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 55 99 99 99 55 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 55 99 99 99 99 99 99
99 99 99 99 55 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 55 99 99 99 99 99 55 99 99 99 55 99 99 99 99 99 55 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 55 99 99 99 55 99 99 99 99 99 99 99 55 99 99 99
55 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 55 99
99 99 99 99 55 99 99 99 55 99 99 99 99 99 55 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 55 99 99 99 99 99 99 99 99 99 99 55 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 55 99 99 99 55 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
99 99 99 99 99 99 99 99 99 99 99 99 99 99 99 99
% ***** Control Rod *****
cell 51 55 8 -102 -22
cell 52 55 9 102 -103 -22
cell 525 55 7 103 -1031 -22
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cell 53 55 7 -1031 22
cell 54 55 7 (1031)
% ***** Void out of Core *****
cell 100 0 outside (115 18 -2)
cell 101 0 outside (112 2 -1)
cell 102 0 outside -18
cell 103 0 outside 117 119 1 -24
cell 104 0 outside 24
% Surface Cards
surf 1 pz 807.5
surf 2 pz 787.5
surf 3 pz 762.5
surf 4 pz 752.5
surf 5 pz 747.5
surf 6 pz 737.5
surf 7 pz 362.5
surf 8 pz 262.5
surf 9 pz -262.5
surf 10 pz -362.5
surf 11 pz -387.5
surf 12 pz -392.5
surf 13 pz -402.5
surf 14 pz -407.5
surf 15 pz -412.5
surf 16 pz -422.5
surf 17 pz -427.5
surf 18 pz -447.5
% ***** Control Rods Plates (It must be: Plate 22 = Plate 21 + 525) **********
surf 21 pz 262.49
surf 22 pz 787.49
% ****************************************************************************
surf 23 pz 637.5
surf 24 pz 827.5
surf 101 cyl 0 0 0.5
surf 102 cyl 0 0 0.5725
surf 103 cyl 0 0 0.6225
surf 1031 cyl 0 0 0.6325
surf 104 cyl 0 0 200
surf 105 cyl 0 0 300
surf 106 cyl 0 0 305
surf 107 cyl 0 0 315
surf 108 cyl 0 0 320
surf 109 cyl 0 0 325
surf 110 cyl 0 0 335
surf 111 cyl 0 0 345
surf 112 cyl 0 0 350
surf 113 cyl 0 0 355
surf 114 cyl 0 0 360
surf 115 cyl 0 0 380
surf 116 cyl 0 220 4
surf 117 cyl 0 220 6
surf 118 cyl 0 -220 4
surf 119 cyl 0 -220 6
% ***** UO2 kernel ******
surf 201 sph 0 0 0 0.021630226
% ***** Porous Carbon Buffer ******
surf 202 sph 0 0 0 0.0300
% ***** IPyC *****
surf 203 sph 0 0 0 0.0335
% ***** SiC *****
surf 204 sph 0 0 0 0.0370
% ***** OPyC *****
surf 205 sph 0 0 0 0.0410
% ***** TRISO Unit Cell *****
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surf 207 cube 0 0 0 0.043001
% ***** Fuel Assembly Compact ******
surf 208 hexxc 0 0 18
% ***** Unit Cell Hex ******
surf 210 hexxc 0 0 0.69231
% ***** Fuel Assembly Compact ******
surf 213 pz 258.301
surf 214 pz -258.301
surf 215 pz 0.043
surf 216 pz -0.043
% ***************UO2 Material*******************
















% ***************Graphite Fuel Compact Material***********
mat 5 -1.74 moder grph 6000
6000.09c 1
% ***************Graphite*********************************





























































% --- Thermal scattering data:
therm grph gre7.18t




% --- Black boundary condition:
set bc 1
% --- Neutron population and criticality cycles:
set pop 10000 150 60
% --- Geometry and mesh plots:
plot 1 1000 1000 [6.13846154 31.75 33 258 259]
plot 3 1000 1000 [0 5.6 6.87 31.75 33.02]
plot 1 500 500 -8.71278E+01
plot 2 500 500 4.38365E+01
plot 3 500 500 3.09837E+02
plot 3 500 500 [262 0 36 10.5 52.5]
plot 3 500 500 [263 0 36 10.5 52.5]
plot 3 500 500 [362 0 36 10.5 52.5]
plot 3 500 500 [363 0 36 10.5 52.5]
mesh 3 500 500




% ----- Irradiation history -----






922340 922350 922360 922370 922380 922390 932370 932380 932390 942380 942390 942400
942410 942420 942430 952410 952420 952430 952440 962420 962430 962440 962450
% Fission products:
360850 380900 471101 551370 531350 541350 611490 621490 621510
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APPENDIX C - SUPPLEMENTAL ELECTRONIC FILES
The Simulink file for the transient model of the coupled system and the SolidWorks Flow
Simulation file of the single channel thermal–hydraulic model of the PAHTR are included
as part of the supplemental electronic files of the thesis. The first electronic file listed in the
table below is the Simulink model used to simulate the transient simulation of the coupled
PAHTR–TES system in Chapters 4 and 5. The second electronic file mentioned in the
table below is the SolidWorks Flow Simulation thermal–hydraulic model of the PAHTR that
determined the temperature distributions of a single channel model inside the PAHTR core
and the pressure drop across the core described in Chapter 3.
Transient Model of the Coupled PAHTR TES System.slx Simulink file for the transient
model of the coupled
PAHTR–TES system
Single Channel Thermal Hydraulics Model.SLDPRT SolidWorks Flow Simulation
file of the single channel
thermal–hydraulic model
of the PAHTR
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